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ABSTRACT 
A Feas ib i l i t y /Deve lopment  Study f o r  t h e  Removal o f  Ammonia From 
Wastewater Using B i o l o g i c a l  l y  Regenerated C l  i n o p t i l o l  i t e  
Ammonium n i t r o g e n  may be r e a d i l y  removed from wastewaters by 
means o f  an ammonium s e l e c t i v e  i o n  exchanger, c l  i n o p t i l o l  i t e .  The major  
c o s t  i n  t h i s  process i s  t he  c o s t  o f  regenera t ing  t h e  exchanger i n  order  
t h a t  i t  may be reused. T h i s  r e p o r t  p resen ts  t h e  r e s u l t s  o f  a  s tudy  t o  
develop a  process i n  which n i t r i f y i n g  b a c t e r i a  were employed t o  regen- 
e r a t e  t he  exchanger. 
The b i o l o g i c a l  r egene ra t i on  process i s  shown f e a s i b l e  i n  bo th  
ba tch  and column s tud ies .  The mechanism o f  r egene ra t i on  was shown t o  be 
i o n  exchange f o l  lowed by n i t r i f i c a t i o n  o f  t h e  1  i b e r a t e d  ammonium. The 
i n f l u e n c e  o f  sa l  t concent ra t ion ,  sa l  t composi t ion,  p a r t i c l  e  s i z e ,  
d i sso l ved  oxygen, a e r a t i o n  tank  c o n f i g u r a t i o n ,  a e r a t i o n  tank  s i z e  on 
t h e  r a t e  o f  r egene ra t i on  were i d e n t i f i e d .  
The s e l e c t i v i t y  o f  c l i n o p t i l o l i t e  f o r  barium, lead ,  copper, 
cadmium and z i n c  was measured i n  exchange f o r  sodium. To f u r t h e r  
i d e n t i f y  p o s s i b l e  t o x i c  e f f e c t s  o f  heavy meta ls  t o x i c i t y  s t ud ies  were 
conducted w i t h  f r e e  and complexed copper. 
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INTRODUCTION 
The Ammonia-Nitrogen Problem 
Ammonia-nitrogen enters water suppl i e s ,  lakes, streams, and 
other natural water systems from various municipal , agricultural and 
industrial wastewater sources. l y 2  Typical concentration ranges for  
ammonia in these wastewaters are shown in Table The ammonia 
content of industrial wastewaters varies widely betwee,n industries and 
depends upon the processes for  which the water i s  used. For instance, 
coal gasification plants produce wastewater containing ammonia perhaps 
in excess of 100 mg/L even a f t e r  stripping  operation^.^ Nitrogen in 
the ammonia form can have a particularly deleterious impact on the 
aquatic environment. 
TABLE 1 
Potential Sources of Ammonia in Wastewater2 
Agricultural : 
Animal feed l o t  drainage - u p  t o  200 m g / l  
Overflows from 1 ivestock 1 agoons - depends on lagoon 1 oading 






- 0-30 mg/L depending upon 
treatment 
- u p  to  7 mg/L 
Many ir~cludi ng coal gasification 
Al though t h e  c l a s s i f i c a t i o n  o f  n i t r o g e n  as t he  l i m i t i n g  and 
c o n t r o l l i n g  n u t r i e n t  o f  e u t r o p h i c a t i o n  i n  n a t u r a l  wa te r  systems s t i l l  
remains a  con t roversy ,  t h e r e  a r e  s u f f i c i e n t  suppo r t i ng  da ta  suggest ing 
t h a t  excess ive  q u a n t i t i e s  o f  n i t r o g e n  i n  t h e  a q u a t i c  environment are:  
1 )  an i n d i c a t i o n  o f  t h e  degree o f  p o l l u t i o n  i n  t h e  wa te r  body and 2) a  
key f a c t o r  i n  promot ing a l g a l  b l  ~ o m s . ~  ~ 5 3 ~ 3 ~  y 8 , 9  Ammonia-nitrogen as 
compared t o  o t h e r  n i t r o g e n  compounds such as n i t r a t e  and a l s o  f r e e  
n i t r o g e n  has been se lec ted  as t h e  most impor tan t  n u t r i e n t  fo rm as a  
s t i m u l a n t  of excess ive  a l g a l  growth. lO, l l  Perhaps more i m p o r t a n t l y ,  
ammonia, a  reduced form o f  n i t r ogen ,  can e x e r t  a  s i g n i f i c a n t  oxygen 
demand on r e c e i v i n g  waters  th rough  subsequent b i o l o g i c a l  o x i d a t i o n .  
The n i t r i f y i n g  organisms which o x i d i z e  ammonia i n t o  r ~ i  tri t e  and n i t r a t e  
a r e  u b i q u i t o u s  i n  n a t u r e  hav ing been found and enumerated i n  l akes ,  
streams and ponds as  w e l l  as u n d e r l y i n g  muds and sediments.12 Since 
these  organisms a r e  p resen t  i n  s u f f i c i e n t  q u a n t i t i e s  i n  aqua t i c  env i ron-  
ments, the  oxygen demand c rea ted  by b i o l o g i c a l l y  o x i d i z i n g  t h e  ammonia 
emanating f rom v a r i o u s  wastewater sources has a  profound e f f e c t  on t h e  
d i s s o l v e d  oxygen l e v e l  o f  t h e  r e c e i v i n g  waters .  Many s t u d i e s  have been 
d i r e c t e d  towards q u a n t i f y i n g  t hese  n i t r i f i c a t i o n  e f f e c t s  and have 
concluded t h a t  they  cannot be neglected i n  e s t i m a t i n g  t he  oxygen 
resources o f  a  water  system. 1 3 3 1 4 3 1 5 y  
Whi le  e u t r o p h i c a t i o n  i s  most impo r tan t  i n  s tand ing  bodies of 
water,  ammonia t o x i c i t y  rrlay be a  more severe problerr~ t han  e u t r o p h i c a t i o n  
i n  f l o w i n g  streams and r i v e r s .  
Ammonia and ammonium compounds can a1 so be t o x i c  t o  f i s h  and 
o the r  aqua t i c  1  i f e  i n  concen t ra t i on  l e v e l s  as l ow  as 0.2 - 2.0 mg/R as 
N  ( t o t a l  ammonia) depending upon the  pH and t e m p e r a t ~ r e . ~ , ~ ~  The pH and 
temperature d e f i n e  t he  r e l a t i v e  f r a c t i o n  o f  f r e e  ammonia, NH3, t o  ammonium 
-!- i on ,  NH4, i n  an aqueous system. The f r e e  ammonia has been found t o  be 
t h e  t o x i c  form b u t  concen t ra t i on  l e v e l  s  r e p o r t e d  i n  t he  1  i t e r a t u r e  a r e  
usual  l y  r e f e r r e d  t o  as t o t a l  ammonia-nitrogen. Concent ra t ion  l e v e l s  
r r~er~ t ioned  above have been used as a  bas i s  i n  t he  f o r m u l a t i o n  o f  
standards f o r  d i scha rg ing  p o l l u t a n t  compounds promulgated by s t a t e  
regu l  a t i o n  agencies.  For ins tance ,  t h e  S t a t e  o f  I 1  1  i n o i s  adopted t he  
f e d e r a l  recommended water qua1 i . t y  s tandard o f  1 .5  mg/L as N  ( t o t a l  
arnmonia).18 Amnonia car1 a l s o  combine w i t h  o t h e r  compounds found i n  
wastewaters such as c h l o r i n e  t o  form chloramines which can be t o x i c  t o  
f i s h  a t  ve ry  low l e v e l s ,  0.06 - 0.1 mg/1.19 
I n  many mun ic ipa l  and i n d u s t r i a l  wastewater e f f l u e n t s ,  c h l o r i n e  
i s  added t o  p rov ide  d i s i n f e c t i o n .  When ammonia combines w i t h  c h l o r i n e  t o  
form chloramines, t h e  d i s i n f e c t i n g  c a p a b i l i t y  o f  t h e  c h l o r i n e  i s  reduced 
s i g n i f i c a n t l y .  Hence, more c h l o r i n e  rr~ust be added t o  compensate f o r  
t h i s  added c h l o r i n e  dernand i n  o rde r  t o  ma in ta i n  a  c e ~ t a i n  l e v e l  of 
d i  s i  n f e c t i n g  capab i l  i t y .  
I n  c e r t a i n  ins tances ,  ammonia can cause accel  e ra ted  c o r r o s i o n  
o f  me ta l s  and m a t e r i a l s  used i n  c o n ~ t r u c t i o n . ~ 0  
Ammonia Removal Methods 
The t h r e e  ,most w ide l y  used methods f o r  removing ammonia from 
wastewater on a  c o s t  and performance b a s i s  a r e  a i r  s t r i p p i n g ,  i o n  
exchange and b i o l o g i c a l  n i t r i f i c a t i o n / d e n i  t r i f i c a t i o n .  These processes 
have been studied extensively and the i r  design, operation and costs 
have been reported in numerous reports ?1-25  
The a i r  stripping process has been effectively optimized t o  
the point where i t  i s  economically at t ract ive.  However, the problems 
associated with carbonate scal ing , biological act ivi ty in the stripping 
towers, poor cold weather operation and possible a i r  pol 1 u tion 
problems have 1 imited i t s  use in removing ammonia from wastewaters 
(due t o  the added cost of alleviating these problems). Reeves, in 
his summary of ammonia removal methods discussed in recent l i t e ra tu re ,  
has suggested that th is  a i r  stripping process i s  just  not practical 
for  the above reasons.21 Reeves also suggests tha t  the three stage 
biological system ( B O D  removal , ni t r i f ica t ion ,  and deni tr i f icat ion)  
i s  the most practical method available. This process, however, has 
i t s  own 1 imitations. Proper oxygen transfer ,  pH control and chemical 
addition for ammonia and BOD removal under seasonal conditions 
(especially cold weather operations) must be provided. A three stage 
system may a1 so be quite cost ly,  and many toxic components can severely 
inhibit  the n i t r i f ica t ion  process. 
In a very comprehensive study concerned with optimizing the 
ion exchange process using a natural zeol i te ,  cl inopt i lo l i te ,  for 
ammonia removal, Koon and K a ~ f m a n ~ ~  compared the costs of the three 
major methods available for ammonia removal from domestic wastewater. 
These investigations found that the costs were comparabl e ,  between 8 
and 1 2  cents per thousand gallons of water treated. A more significant 
item found during the i r  cost estimates, however, was that approximately 
50-60 percen t  o f  t h e  i o n  exchange process t o t a l  cos t s  were due t o  
chemical  r egene ra t i on  o f  t h e  z e o l i t e .  Hence, t h e r e  i s  a  s t r o n g  c o s t  
i n c e n t i v e  t o  l o o k  a t  improv ing t h e  techn ique  f o r  r egene ra t i ng  t h e  
zeol  i t e .  I f  app rec i ab le  improvements c o u l d  be made, t h e  c o s t  of t h e  
o v e r a l l  i o n  exchange process u s i n g  t h e  z e o l i t e ,  would be reduced, 
perhaps t o  t he  degree where i t  may be t h e  most a t t r a c t i v e  process on 
an economic bas i s .  S i m i l a r  c o s t  es t imates  o f  ammonia removal by t h e  
z e o l i t e  i o n  exchange method were a1 so r e p o r t e d  by o t h e r  au thors  i n  
t h e  1  i t e r a t ~ r e . ~ 6  
Ammonia Removal by S e l e c t i v e  I o n  Exchange w i t h  C l  i n o p t i l o l  i t e  
The use of i o n  exchange as a  u n i t  process t o  remove ammonia 
f r om  wastewater has been s tud ied  q u i t e  c l o s e l y .  Both s y n t h e t i c  
exchange r e s i n s  and n a t u r a l l y  o c c u r r i n g  m ine ra l  zeo l  i t e s  have been 
examined f o r  p o s s i b l e  use i n  removing ammonia, Tes ts  conducted w i t h  
a g r i c u l t u r a l  r u n o f f  and secondary e f f l u e n t s  ( f rom mun i c i pa l  t r ea tmen t  
p l a n t s ) ,  i n  a d d i t i o n  t o  c a r e f u l l y  c o n t r o l  l e d  l a b o r a t o r y  exper iments,  
have demonstrated t h a t  one p a r t i c u l a r  n a t u r a l  z e o l i t e ,  c l  i n o p t i l o l  i t e ,  
i s  b e s t  s u i t e d  f o r  removing ammonia, s i n c e  i t  has a  h i g h  s e l e c t i v i t y  
+ f o r  t h e  ammonium i o n s  ( N H ~ )  compared w i t h  o t h e r  commonly o c c u r r i n g  
+ ++ 
c a t i o n s  i n  wastewater such as sodium (Na ) ,  ca l c i um  ( ~ a  ) and magnesium 
( ~ g + + )  . 2 4 9 2 7  O ther  advantages o f  t h i s  i o n  exchanger a r e  i t s  l o w  
r e 1  a t i v e  c o s t  and reduced o rgan i c  f o u l  i n g  compared w i t h  t h e  s y n t h e t i c  
o r g a n i c  based c a t i o n i c  res ins .21  I n  a d d i t i o n  t h e r e  a r e  a  number o f  
ex tens i ve  m ine ra l  depos i t s  o f  c l  i n o p t i l o l  i t e  i n  Oregon, Cal i f o r n i a ,  
Wyoming, Canada and o t h e r  areas. Recen t l y ,  McLaren eA u L 2 *  s t u d i e d  
t h e  ammonia removal c h a r a c t e r i s t i c s  o f  c l  i n o p t i l o l  i t e  under  v a r i o u s  
temperature ,  f l o w  r a t e ,  pH, and ammonia c o n c e n t r a t i o n  1  eve1 s. T h e i r  
s t u d y  complements p r i o r  s t u d i e s  wh ich  examined t h e  i o n  exchange 
k i n e t i c s ,  e q u i l i b r i a ,  and thermodynamic c h a r a c t e r i s t i c s  o f  c l  i nop -  
t i l ~ l i t e . ~ ~  I n  summary, a  s i g n i f i c a n t  amount o f  d a t a  c u r r e n t l y  
e x i s t s  on  t h i s  zeo l  l" t e  and i t s  a p p l i c a t i o n  i n  removing ammonia frorn 
d i f f e r e n t  wastewaters under a  v a r i e t y  o f  c o n d i t i o n s .  
C l  i n o p t i l o l  i t e  has g e n e r a l l y  been a p p l i e d  as  a  f i n a l  u n i t  
o p e r a t i o n  i n  t h e  m u n i c i p a l  o r  i n d u s t r i a l  wastewater  t r e a t m e n t  sequence 
and i f  t h e  p r e t r e a t m e n t  u n i t s  a r e  opera ted  p r o p e r l y  no o p e r a t i o n a l  
d i f f i c u l t i e s  a r e  encountered w i t h  t h e  i o n  exchange u n i t .  However, if 
t h e  p r e t r e a t m e n t  i s  inadequate ,  o r g a n i c  f o u l i n g  and p l u g g i n g  o f  t h e  
zeo l  i t e  w i t h  so l  i d s  rrlay occur .  Koon and ~ a u f m a n ~ ~  showed t h a t  t h e  
upper  1  i m i t  t o  t h e  r e d u c t i o n  i n  exchange c a p a c i t y  due t o  o r g a n i c  
f o u l i n g  was 25 p e r c e n t .  
The bes t  c o n d i t i o n s  f o r  chemical  r e g e n e r a t i o n  of c l  i nop- 
t i l o l i t e  were s t u d i e d  e x t e r ~ s i v e l y  and t h e  r e s u l t s  a r e  p resen ted  i n  an  
e x c e l l e n t  r e p o r t  by Koon and K a ~ f r n a n . ~ ~  T h e i r  r e s u l t s  l e d  t o  a  
p rocess  scheme i n  wh ich  t h e  c l  i n o p t i l o l  i t e  i s  r e g e n e r a t e d  w i t h  a  
c a u s t i c  b r i n e  (NaOH and NaC1) . The r e g e n e r a n t  i s  subsequen t l y  s t r i p p e d  
of ammonia and r e c y c l  ed w i t h  make up.  A1 though t h i s  r e g e n e r a t i o n  
t e c h n i q u e  p l a c e s  t h e  i o n  exchange method on a  c o m p e t i t i v e  b a s i s  w i t h  
o t h e r  ammonia removal processes,  i t  s t i  11 has chemical  r e g e n e r a n t  
r e q u i r e m e n t s  and t h e  problerns a s s o c i a t e d  w i t h  t h e  a i r  s t r i p p i n g  column 
o p e r a t i o n .  D i f f i c u l t i e s  a l s o  a r i s e  f rom t h e  use  o f  h i g h  pH b r i n e s  
s i n c e  as  t h e  pH i s  i nc reased ,  chemica l  a t t r i t i o n  o f  t h e  z e o l i t e  i nc reased .  
Because o f  t h e  h i g h  c o s t  o f  the  chemical  r egene ra t i on  process 
a  number o f  research  s t u d i e s  have sought new, more economical regenera- 
t i o n  techniques.  The o b j e c t i v e  o f  t h i s  s tudy  was t o  i d e n t i f y  whether 
n i t r i f y i n g  b a c t e r i a  cou ld  be employed t o  regenera te  c l  i n o p t i l o l  i t e .  I n  
1973 Sims eA r e p o r t e d  on s t u d i e s  i n  which they  had added ground 
c l  i n o p t i  l o 1  i t e  t o  an a c t i v a t e d  s ludge  t rea tment  p l a n t .  These au tho rs  
presented r e s u l t s  which suggested t h a t  t h e  c l  i n o p t i l o l  i t e  was con t i nuous l y  
I 
regenerated by t h e  n i t r i f y i n g  b a c t e r i a  p resen t  i n  the  system. Whi le  n o t  
c o n c l u s i v e  these  s t u d i e s  i n d i c a t e d  t h a t  b i o l o g i c a l  r egene ra t i on  m igh t  be 
poss ib l e .  T h i s  r e p o r t  d e t a i l s  bo th  ba t ch  and co lu~nn  s t u d i e s  t h a t  have 
been rnade on t h e  development o f  a  b i o l o g i c a l  r egene ra t i on  process. 
EXPERIMENTAL APPARATUS AND PROCEDURES 
Prepara t ion  and C h a r a c t e r i z a t i o n  o f  C l  i n o p t i  l o 1  i t e  
The c l i n o p t i l o l i t e  was supp l i ed  ( i n  r o c k  form) by t h e  Double 
Eagle Min ing  Company, Casper, WY. The z e o l i t e  was ground and s ieved 
and t he  f r a c t i o n s  between U.S. Standard mesh numbers 18 and 50 were 
used i n  these  s tud ies .  The z e o l i t e  sarnples were washed t o  remove 
f i n e s  and cond i t i oned  by a l t e r n a t i v e  t rea tments  w i t h  0.25 M ammonium 
su lpha te  and 1  M sodium c h l o r i d e .  The z e o l i t e  was then r i n s e d  thorough ly  
and s to red  d r y  i n  t h e  sodium form. 
The zeol  i t e  was cha rac te r i zed  by i t s  performance i n  column 
opera t ion .  F i f t y  t o  100 grarrl q u a n t i t i e s  of t h e  cond i t i oned  z e o l i t e  
were t r a n s f e r r e d  t o  a  P l e x i g l a s  column measured 2.5 cm ID  by 60 cm. An 
ammonium c h l o r i d e  s o l u t i o n  o f  known s t r e n g t h  was app l i ed  t o  t h e  column 
by a  g r a v i t y  feed cons tan t  head dev i ce  such t h a t  t h e  maximum d e v i a t i o n  
from the  mean f l o w  r a t e  o f  12 bed volumes per  hour i n  each o f  t h e  t e s t s  
was 1  ess t han  4 percent .  The arnrrlonia con ten t  o f  t h e  column e f f l u e n t  
was measured w i t h  t ime.  The breakthrough curve  so ob ta ined  was used 
t o  c a l c u l a t e  t h e  c a p a c i t y  o f  t h e  z e o l i t e  f o r  ammonium exchange t h a t  was 
employed i n  the ba t ch  t e s t  c a l c u l a t i o r ~ s .  I n  column o p e r a t i o n  t h e  
e f f e c t i v e  exchange c a p a c i t i e s  cou ld  be c a l c u l a t e d  f rom t h e  break- 
through curves ob ta ined  i n  these  s tud ies .  
C u l t u r i n g  t h e  N i t r i f y i n g  B a c t e r i a  
The n i t r i f y i n g  b a c t e r i a  were c u l t u r e d  u s i n g  a  standard s e l  ec- 
t i v e  enr ichment technique. A  sample o f  a c t i v a t e d  s ludge taker1 from an 
extended a e r a t i o n  tank  p rov ided  a  source of n i t r i f y i n g  b a c t e r i a .  These 
bacteria were then contacted with ammonium rich nutrient solutions and 
a nitrifying sludge was developed. A t  f i r s t  a 16 1 i t e r  draw and f i l l  
reactor was employed for  the cultivation of the nitrifying bacteria. 
This was soon replaced with a continuous flow uni t  comprising a th i r ty  
l i t e r  aeration tank followed by a four l i t e r  conical sedimentation tank. 
This cultivation reactor was operated with sol ids recycle to maintain 
a desirable sludge age. The aeration tanks of both reactors were 
maintained a t  pH 7.8 t o  8.0 by means of a Leeds and Northrup Model 
7075-3 pH controller which controlled the addition of 2 M Na2C03 or 
NaOH. 
The composition of the feed to the cultivation reactor was 
as fol lows: (NH4)2S04, 1000 m g / l  a s  N ;  NaHC03, 420 m g / l ;  K2HP04. 3 H20, 
1000 mg/k'; CaC03, 10 m g / l ;  MgS04*7 H20, 100 rng/L; NaHP04, 100 rng/L; 
FeC1 3 ,  2 m g l l ;  and ( N H 4 )  6M0024'4 H20, 2 m g / l .  The vol a t i  1 e suspended 
solids content of the reactors was monitored on a daily basis. 
When column studies were in i t ia ted  the s ize  of the aeration 
and sedimentation tanks were increased t o  105 1 i t e r s  and 10 1 i t e r s ,  
respectively. 
Nitrification Tests 
Two different  techniques were employed to  measure the r a t e  of 
n i t r i f ica t ion .  The f i r s t  technique, which was employed in the batch 
regeneration s tudies ,  consisted of taking a known volume of sludge from 
the aerated and well mixed culture reactor and allowing i t  t o  s e t t l e  in 
a graduated cyl inder for  one half hour. The clear supernatant was then 
decanted and replaced with deionized water to bring t he  to ta l  solution 
volume t o  1 1 i t e r .  The contents of the cyl i nder were transfered t o  a 
1 1 i t e r  beaker equipped with a pH electrode and a i r  d i f fuser .  Ammonium 
sulphate solution was added to the aerated contents of the beaker in 
su f f i c i en t  quantity t o  provide an i n i t i a l  amonium concentration of 
100-150 mg/l as N .  The pH of the solution was maintained manually a t  
pH 8 by the dropwise addition of sodium carbonate and the r a t e  of 
n i t r i f i c a t i on  was determined by monitoring the ammonium and 
n i t r a t e  ion concentrations in solution with time. The temperature of 
the  solution was not controlled b u t  i n i t i a l  and f inal  temperature 
measurements were taken. 
The second technique was employed in the metal ion tox ic i ty  
t e s t s .  This technique measured the oxygen uptake r a t e  of the  n i t r i fy ing  
sludge in a temperature and pH control led reactor which i s  described 
in  deta i l  below. 
Analytical Techniques 
Ammonium and n i t r a t e  concentrations were measured using ORION 
ion se lec t ive  electrodes coupled with an ORION Model 701 expanded scale  
d ig i ta l  pH/mi 11 ivol t meter. The electrodes were cal i brated f o r  each 
t e s t  and checked routinely.  Several investigators have previously 
reported on the  interferences and the accuracy of the ammonia electrode 
in measuring d i f fe ren t  concentrations in* waters of varying qua1 i ty .  3 1  3 3 2  
Nitra te  analyses were i n i t i a l l y  conducted with an ORION model n i t r a t e  
se lec t ive  electrode;  however, the electrode gave an e r r a t i c  response and 
i t  was abandoned in favor of the U V  spectrophotometric method described 
by Goldman eA I&. 3 3  These n i t r a t e  analyses were conducted on a  
Beckman ACTA I 1 1  UV spectrophotometer a t  a  wavelength o f  220 nrn. 
The v o l  a t i l  e  suspended so l  i d s  measurements were rr~ade i n 
accordance w i t h  t h e  procedure descr ibed  i n  t he  1 3 t h  e d i t i o n  o f  
Stcwtciw~d M d o & .  
The heavy me ta l s  were measured a t  t h e  I l l i n o i s  Environmental  
P r o t e c t i o n  Agency Labora to ry  i n  Champaign, 11 1  i n o i s .  A  J a r r e l  Ash 
Model 81 0  a tomic  abso rp t i on  spect rophotor r~eter  coupled w i t h  a  F i s h e r  
Recorda l l  (Se r i es  500) r eco rde r  was employed f o r  t h e  meta l  ana lyses.  
Phenol and humic a c i d s  were measured u s i n g  u l t r a v i o l e t  1  i g h t  
a b s o r p t i o n  a t  270 nm. 
Batch Regenerat ion S tud ies  
The f i r s t  r egene ra t i on  s t ud ies  were made i n  ba t ch  t e s t s .  
Preweighed samples, u s u a l l y  5 grams, o f  t h e  c o n d i t i o n e d  z e o l i t e  i n  the 
sodium form were sa tu ra ted  w i t h  ammonium i o n s  and washed w i t h  an 
excess o f  de i on i zed  water .  The z e o l i t e  samples were t r a n s f e r r e d  t o  a  
1  l i t e r  beaker w i t h  approx imate ly  7 0 0 m l  o f  de ion ized  water .  The 
con ten t s  o f  t h e  beaker were aerated and s t i r r e d  f o r  approx imate ly  5  
m inu tes  and t he  pH o f  t he  s o l u t i o n  was r a i s e d  and ma in ta ined  a t  
8  t 0.2 by t h e  manual a d d i t i o n  o f  1  M Na2C03. S imu l taneous ly  a  known 
volume o f  s ludge was removed from t h e  ba t ch  c u l t u r e  r e a c t o r  and t h e  
n i t r i f y i n g  organisms were a l lowed t o  s e t t l e  f o r  h a l f  an hour.  The 
superna tan t  was decanted and the  n i t r i f y i n g  s ludge con ta ined  i n  
approx imate ly  100-200 m l  volume was added t o  the  beaker c o n t a i n i n g  
t h e  z e o l i t e .  The volume of  s o l u t i o n  i n  t h e  beaker was ad jus ted  t o  
1 1  i t e r  and t h e  s t a r t i n g  t i m e  was recorded.  The temperature of t h e  
r e a c t o r  was n o t  c o n t r o l l e d  b u t  i n i t i a l  and f i n a l  tempera tu re  measure- 
ments were taken. 
A t  t imed  i n t e r v a l s  t h e  ammonia con ten t  o f  t h e  s o l u t i o n  and 
t h e  amount o f  base added f o r  t h e  maintenance o f  pH were measured and 
recorded.  A t  t h e  conc lus i on  o f  t h e  t e s t  t h e  ammonium c o n c e n t r a t i o n  
i n  s o l u t i o n  was recorded and t h e  z e o l i t e  was separated f rom t h e  
n i t r i f y i n g  s ludge which was re tu rned  t o  t h e  c u l t u r e  r e a c t o r  f o r  sub- 
sequent reuse.  The regenerated c l  i n o p t i l o l  i t e  was then  t r a n s f e r r e d  
t o  a  smal l  P l e x i g l a s  colurr~n and i t s  r e s i d u a l  a m o n i a  con ten t  was 
measured by e l u t i o n  w i t h  an excess o f  1  M sodium c h l o r i d e .  
Col umn Regenerat ion S tud ies  
Fo l l ow ing  t h e  ba t ch  r e g e n e r a t i o n  s t u d i e s  con t inuous  f l o w  
s t u d i e s  were made u s i n g  a  column o f  c l  i n o p t i l o l  i t e .  The p i l o t  p l a n t  
employed i n  t h i s  s tudy i s  sketched i n  F i g u r e  1. 
A  s y n t h e t i c  wastewater was c o n s t i t u t e d  by t h e  a d d i t i o n  o f  
chemica ls  t o  Urbana t a p  water .  The wastewater con ta ined  no o rgan ic  
mat te r ;  o n l y  i no rgan i c  s a l t s  were added. The a p p r o p r i a t e  we igh ts  o f  
s a l t s  were added t o  t h e  tank  and t he  con ten t s  mixed u s i n g  an  a i r  
d i f f u s e r  i n  o r d e r  t o  ach ieve  t he  f o l l o w i n g  s o l u t i o n  composi t ion:  
NH3-N, 20 mg/l;  Na, 62 mg/ l ;  Ca, 14 mg/ l ;  Mg , 12 mg/ l ;  and K, 4  mg/ l .  
The wastewater was con ta ined  i n  a  320 l i t e r  po l ye thy l ene  tank.  Dur ing  
s e r v i c e  t h e  wastewater was d e l i v e r e d  t o  t h e  t o p  o f  t h e  c l i n o p t i l o l i t e  
column by a  me te r i ng  pump ( F l u i d  Mete r ing  I nc . )  a t  a  r a t e  o f  0.333 
1  i t e r s  per  m inu te  which corresponded t o  12 bed volumes per  hour.  
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SCHEMATIC DIAGRAM OF THE CCkLOMN REGENERATION STUDY 
The c l i n o p t i l o l i t e  column was 2.5 M long w i t h  an i n t e r n a l  
diameter o f  5.7 cm. The column contained 830 grams o f  c l i n o p t i l o l i t e  
i n  a  bed depth o f  51 cm. The c l  i n o p t i l o l i  t e  was supported on t o p  o f  
25 cm o f  gravel  which, i n  t u rn ,  was supported by a  per fo ra ted  p l e x i g l a s s  
d i sc .  A p l e x i g l a s s  tube measuring 0.75 crn i n  diameter passed through 
the column h o r i z o n t a l l y  i n  t he  midd le  o f  t h e  grave l  l a y e r .  Th is  tube 
was sealed a t  one end and coupled t o  a  regu la ted  a i r  supply. When 
necessary, a i r  could be suppl i ed  t o  t h e  c o l ~ ~ m n  through 2  mm holes 
d r i l l e d  i n  the sec t i on  o f  tube w i t h i n  t h e  gravel  l aye r .  
The c l  i n o p t i l o l i t e  was sieved and the 18 x  25 mesh s i z e  range 
was employed i n  t h i s  study. P r i o r  t o  t h e  f i r s t  c y c l e  t h e  c l i n o p t i l o l i t e  
was washed and t rea ted  w i t h  10 bed volumes o f  1  N NaCl a t  a  f l owra te  
of 5  bed volumes per hour i n  o rder  t o  conver t  the z e o l i t e  t o  the  
sodium form. 
During se rv i ce  the column e f f l u e n t  f lowed through a  sampling 
chamber and then t o  a  d r a i n .  The sampling chamber shown i n  F igu re  1  
contained 400 ml o f  column e f f l u e n t  and had a  mean hyd rau l i c  residence 
t ime o f  j u s t  over  one minute. Once every hour a  sequent ia l  sampler 
(N Con Systems, Sentry 500) would au tomat i ca l l y  co l  l e c t  a  250 ml 
a c i d i f i e d  sample of t he  colurnn e f f l uen t .  The sampler was programed 
t o  purge the sampl i n g  1  i n e  both before and a f t e r  c o l l  e c t i n g  a sample. 
The samples were analyzed f o r  ammonium content  and when t h e  
concent ra t ion  i n  t he  column e f f l u e n t  approached the i n f l u e n t  ammonium 
concent ra t ion  the i n f l u e n t  f low t o  the  column was stopped. 
The column was then backwashed f o r  two minutes a t  approximately 
30 percent expansion. The backwash water flowed by gravi ty  from a 35 
l i t e r  reservoir .  After backwashing the  reservoir  was r e f i l l e d  with t ap  
water. 
The c l  inopt i lo l  i t e  was regenerated by reci rcula t ing a s lu r ry  
containing a high concentration of n i t r i fy ing  bacteria through the 
column. The s lu r ry  was drawn from an aerat ion tank, pumped upflow 
through the  column and then recirculated t o  the  aerat ion tank. A 
var iable  speed pump (Masterflex) recirculated the sludge a t  a f l  owrate 
of 2 1 i t e r s  per minute and fluidized the bed to  50 percent expansion. 
The s lu r ry  of n i t r i fy ing  bacteria a lso  contained 0.3 M sodium n i t r a t e .  
O n  contact with spent cl inopti lo1 i t e  the sol ution eluted ammonium ions 
which were transported to t he  aeration tank fo r  oxidation. The 
aerat ion tank was maintained a t  30°C and pH 8 .0 .  
The ammonium content of the aeration tank was monitored with 
time a f t e r  the s t a r t  of regeneration and regeneration was stopped when 
the ammonium concentration f e l l  below 0.1 mg/L. 
The column was backwashed immediately t o  remove the n i t r i fy ing  
s lu r ry  from the column. A portion of the d i r t y  backwash water was 
col lected to  recover the n i t r i fy ing  sludge which was returned t o  the  
aerat ion tank and the r e s t  of the water was directed to  the  drain .  The 
column was backwashed fo r  5-10 minutes a t  50 percent expansion t o  
ensure t ha t  a1 1 the  sludge was removed from the column. After backwash 
t he  column was replaced in  service.  
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The r e a c t o r  con ten ts  were kep t  i n  suspension by means o f  a  
magnet ic s t i r r e r ;  t h i s  a1 so p rov ided  the  necessary f l o w  v e l o c i t i e s  near 
t h e  d i s s o l  ved oxygen probe. 
Four 1  i t e r  samples o f  s ludge were taken from t h e  a e r a t i o n  tank 
o f  the  c u l t i v a t i o n  reac to r ,  s e t t l e d  t o  200 m l  and d i l u t e d  back t o  2.5 
l i t e r s  w i t h  a  prepared s o l u t i o n .  The i o n i c  composi t ion o f  t h e  r e s u l t i n g  
t 
s o l u t i o n  was approx imate ly  15 meq/L Na . 2 meq/L M~', 0.1 meq/L catty 
1  meq/L K'. Th is  s o l u t i o n  was t r a n s f e r r e d  t o  t h e  r e a c t o r  and known 
amounts o f  ammonium su lpha te  and t h e  meta l  be ing  s tud ied  were added t o  
t h e  r e a c t o r .  The r e a c t o r  con ten ts  were aera ted  f o r  t e n  minutes then  
t h e  ammonium concen t ra t i on  was ad jus ted  t o  100 mg/L N and t h e  d i sso l ved  
oxygen concen t ra t i on  (DO) was r a i s e d  t o  20 mg/L. The oxygen supply  
t o  t he  r e a c t o r  was then  disconnected and t h e  f a l l  i n  DO was recorded 
w i t h  t ime.  The oxygen uptake r a t e  cou ld  be c a l c u l a t e d  f rom the  curves 
so obta ined.  
Metal  Sel  e c t  i v  i ty S t u d i  es 
Three e q u i l i b r i u m  s tud ies  were performed u s i n g  f i v e  d i v a l e n t  
metal  s a l t s :  Ba(N03)2, CdC1 2.2. 5  H20. CuC1 2 '2  H20. Pb(N03)2, and 
Zn(N03)2-6 H20. Two d i f f e r e n t  zeol  i t e  samples were employed i n  t h i s  
study. Recondi t ioned zeol i t e  r e f e r s  t o  a  sample o f  c l  i n o p t i l o l  i t e  t h a t  
had been t r e a t e d  w i t h  4  a l t e r n a t e  t reatments  o f  0.5 M NH4C1 and 1 M NaCl 
be fo re  be ing  conver ted t o  t h e  sodium form f o r  t e s t i n g .  Acid-washed 
c l  i n o p t i l o l i t e  was p r e t r e a t e d  w i t h  10% n i t r i c  a c i d  f o r  an hour 3.0 
remove bas ic  i m p u r i t i e s  i n  t h e  z e o l i t e  s t r u c t u r e .  The a c i d  washed 
c l i n o p t i l o l i t e  was a l s o  converted t o  t h e  sodium form f o r  these  t e s t s .  
I n  t h e  f i r s t  e q u i l  i brium study known amounts o f  r econd i t i oned  
zeol  i t e  rang ing  f rom 0  t o  1  g, i n  0.1 g  increments, were added t o  125 
a1 i quo t s  o f  M s o l u t i o n s  o f  each metal s a l t .  Equ i l  i b r i u m  was 
achieved by shaking t h e  samples a t  180 cyc les  per  m inu te  on a  r o t a r y  
shaker f o r  two days. The s o l u t i o n  c o n c e n t r a t i o r ~ s  o f  t h e  heavy rnetal s  
were t hen  measured. The e q u i l i b r i u m  pH and temperature were a l s o  
measured. 
I n  t h e  second e q u i l i b r i u m  study a  s l i g h t l y  d i f f e r e n t  procedure 
was employed. I n  t h i s  s tudy the  amount o f  z e o l i t e  was f i x e d  and t he  
i n i t i a l  s o l u t i o n  concen t ra t i on  of the  heavy metal s  was va r i ed .  The 
i o n i c  s t r e n g t h  o f  the  so l l r t i ons  was mainta ined between 1.6 x 10-' and 
l o m 2  M. A l l  s o l u t i o n s  were ad jus ted  t o  pH 4.5 w i t h  n i t r j c  a c i d  and 
c a u s t i c .  One hundred mX o f  s o l u t i o n  were added t o  0.2 g  of a c i d  washed 
z e o l i t e  i n  each b o t t l e .  The metal  c o n c e n t r a t i o n  was v a r i e d  and n ine  
t e s t s  were conducted on each metal  t o  cover  a  wide range o f  i n i t i a l  
i o n i c  f r a c t i o n s .  I n  a d d i t i o n  t o  t he  above samples t h e r e  were n i ne  
/ 
c o n t r o l s  c o n s i s t i n g  o f  100 tnl samples o f  each o f  t h e  i n i t i a l  s o l ~ ~ t i o n s  
w i t hou t  any z e o l i t e  added. 
E q u i l i b r a t i o n  of t h e  samples and c o n t r o l s  was achieved by 
shaking a t  160 cyc les  pe r  m inu te  f o r  48 hours. A f t e r  a  day o f  shaking, 
t h e  pH of t h e  s o l u t i o n s  was measured and then  ad jus ted  t o  pH 4.5 w i t h  
NaOH and NH03. A f t e r  ano ther  day of  shaking, e q u i l i b r i u m  pH and 
temperature were recorded and t h e  metal  concen t ra t i ons  rema in ing  i n  
so l  u t i  on were measured. 
The t h i r d  e q u i l i b r i u m  s tudy  was t h e  reve rse  o f  t h e  second 
study. I n  t h e  t h i r d  s tudy  100 mL a l i q u o t s  o f  lo - '  M NaN03 (pH 4.51) 
were added t o  t h e  0.2 g  samples o f  z e o l i t e  f rom the  second s tudy.  
Only t he  z e o l i t e  samples exposed t o  t h e  f i v e  most concentrated s o l u t i o n s  
o f  each heavy meta l  were t es ted .  These 25 samples, p l us  a  c o n t r o l  
c o n s i s t i n g  o f  100 ml of NaN03 s o l u t i o n  w i t h o u t  any zeol  i t e ,  were 
brought  t o  e q u i l i b r i u m  by shaking a t  160 cyc les  p e r  m inu te  f o r  two 
days. A f t e r  a  day o f  shaking, t h e  pH o f  t he  s o l u t i o n s  was measured 
and then  ad jus ted  t o  pH 4.5 w i t h  n i t r i c  a c i d  o r  sodium hydrox ide.  
E q l ~ i l i b r i u l l l  temperature and pH were recorded a f t e r  ano ther  day o f  
shak ing.  
The l i q u i d  f rom t h e  e q u i l i b r i u m  s tud ies  was decanted from 
t h e  g l ass  b o t t l e s  i n t o  capped, po l ye thy lene  b o t t l e s  c o n t a i n i n g  0.8 tnl 
of n i t r i c  a c i d  f o r  every 100 ml o f  l i q u i d .  Storage o f  t h e  a c i d i f i e d  
samples was a t  room temperature u n t i l  they were analyzed f o r  the  meta ls  
by atomic absorp t ion .  
F i n a l l y  a  l each ing  s tudy  was conducted. One hundred mL' o f  
de ion ized  water  was added t o  four 1  g  samples o f  z e o l i t e ,  two o f  which were 
recond i t i oned  and two a c i d  washed zeol  i t e .  A f t e r  measuring t h e  i n i t i a l  
pH of t h e  samples, and of two c o n t r o l s  c o n t a i n i n g  no z e o l i t e ,  t h e  
samples were shaken a t  160 cyc les  per  m inu te  f o r  a  week. E q u i l i b r i u m  
pH and temperatures were measured and recorded. Fo l l ow ing  the  p ro -  
cedures i n  Stcuzdmd Me/thodn (1971 ), t h e  s o l u t i o n s  were analyzed f o r  
a1 k a l i n i t y  by t he  po ten t i ome t r i c  method, f o r  c h l o r i d e  by a rgen tomet r i c  
t i t r a t i o n  us ing  potassium chromate i n d i c a t o r ,  and f o r  suspended s o l i d s  
on d r y i n g  a t  ,103"C u s i n g  g lass  f i b e r  f i l t e r s .  Sodiu~r~,  ca lc ium,  and 
magnesium were determined by atomic absorp t ion .  
- 22- 
INITIAL REGENERATION STUDIES 
The objective of these studies was to  determine whether indeed 
nitrifying bacteria could regenerate cl inoptilol i t e  and i f  so t o  deter- 
mine the extent of regeneration that could be achieved in different times 
and with different  concentrations of nitrifying bacteria. 
Resu 1 t s  
Prior t o  any n i t r i f ica t ion  or regeneration studies,  t e s t s  were 
made t o  determine the extent of ammonia stripping under the t e s t  condi- 
tions. A l i t e r  of deionized water containing 150 mg/L of ammonia 
nitrogen was held a t  pH 8.0 and 29°C and aerated. The a i r  flowrate was 
measured and  corresponded to 1 0  standard cubic fee t  per hour. This a i r  
flowrate was the maximum ever used in n i t r i f ica t ion  studies since any 
increase caused excessive turbulence and loss of solution from the t e s t  
reactor. Aeration over long time periods indicated an hourly ammonium 
loss of 1.1 mgN/L/hr. Very similar rates  of ammonia stripping may be 
calculated from the data of Srinath eA who analyzed ammonium 
desorption by diffused aeration. The very low rates of ammonia 
stripping were negligible in th is  study since the rates of n i t r i f ica-  
tion were very much greater as shown below. 
Nitrogen balances were conducted during a number of the 
n i t r i f ica t ion  and regeneration t e s t s .  Good nitrogen balances were 
obtained, and an example of the data obtained from a n i t r i f ica t ion  
t e s t  i s  presented in Figure 3. Ni t r i te  nitrogen concentrations were 
observed to  be less than 0.2 mg/L a t  a1 1 times and thus were negl igible.  

The good n i t r o g e n  balances t h a t  were ob ta ined  and t h e  observa- 
t i o n s  t h a t  n i t r o g e n  1 osses th rough  ammonia s t r i p p i n g  o r  n i t r i t e  accumula- 
t i o n  were n e g l i g i b l e  made i t  v a l i d  t o  mon i t o r  t h e  r a t e  o f  n i t r i f i c a t i o n  
by means o f  t h e  r a t e  o f  ammonium disappearance f rom s o l u t i o n .  A l l  of 
t h e  o x i d a t i o n  r a t e s  r e p o r t e d  f o r  t h i s  s tudy  were based upon t he  measured 
r a t e s  o f  decrease i n  ammonium concen t ra t i on .  
Each t ime  a r egene ra t i on  t e s t  was made a s imultaneous n i t r i -  
f i c a t i o n  t e s t  was conducted. The t o t a l  ammonium con ten t  o f  t h e  s o l u t i o n  
i n  t he  n i t r i f i c a t i o n  r e a c t o r  corresponded c l o s e l y  t o  t h e  t o t a l  ammonium 
con ten t  of t h e  c l  i n o p t i l o l  i t e  (approx imate ly  140 mg NH4-N). S ince  t h e  
mixed 1 i q u o r  v o l a t i l e  so l  i d s  con ten t  o f  t h e  c u l t u r e  r e a c t o r  was a1 so 
measured i t  was p o s s i b l e  t o  determine t h e  a c t i v i t y  o f  t h e  n i t r i f y i n g  
s ludge. The a c t i v i t y  o f  t h e  s ludge measured as mg N oxidized/hr/rng 
MLVSS v a r i e d  between 0.1 t o  0.2 w i t h  a  mean o f  0.15 d u r i n g  t hese  t e s t s .  
A t y p i c a l  n i t r i f i c a t i o n  t e s t  cu r ve  showing t h e  ammonia concen- 
t r a t i o n  as  a  f u n c t i o n  o f  t i m e  i s  shown i n  F i g u r e  4. T h i s  f i g u r e  
i n d i c a t e s  t h a t  t h e  o x i d a t i o n  o f  ammonia was zero o r d e r  w i t h  r espec t  t o  
ammonia c o n c e n t r a t i o n  a t  h i g h  ammonium i o n  concen t ra t ions ;  however, 
t h e  n o n l i n e a r  r e l a t i o n s h i p  observed a t  low ammonium i o n  concen t ra t i ons  
i n d i c a t e s  t h a t  t h e  n i t r i f i c a t i o n  r a t e  was a f u n c t i o n  o f  ammonium con- 
c e n t r a t i o n  i n  t h i s  range. The d e v i a t i o n  f rom zero  o r d e r  k i n e t i c s  was 
observed a t  concen t ra t i ons  of NH4-N as h i gh  as 40 m g / l  b u t  most f r e -  
q u e n t l y  i t  was below 30 m g / l  N. 
The d e v i a t i o n  from 1 i n e a r i t y  was checked t o  deterrnine whether 
i t  r e s u l t e d  from any n u t r i e n t  de f i c i ency ;  however, t h e  a d d i t i o n  o f  
n u t r i e n t s  d i d  n o t  i n f l u e n c e  t he  n i t r i f i c a t i o n  k i n e t i c s .  Temperature 

v a r i a t i o n s  cou ld  no t  be held t o  account f o r  the  observed behavior because 
o f  t he  narrow temperature range i nves t i ga ted  (25-29°C). Furthermore the 
behavior appeared t o  be independent of MLVSS concentrat ion.  
The r a t e  o f  n i t r i f i c a t i o n  t h a t  was used t o  cha rac te r i ze  the 
a c t i v i t y  o f  t he  sludge was determined from the  l i n e a r  p o r t i o n  o f  t he  
curve shown i n  F igure  4. 
D i f f e r e n t  volumes o f  sludge were withdrawn from the c u l t u r e  
r e a c t o r  and used i n  n i t r i f i c a t i o n  t e s t s  i n  order  t o  i d e n t i f y  the  i n f l u -  
ence of sludge concent ra t ion  on the r a t e  o f  n i t r i f i c a t i o n .  I n  F igure  5 
t h e  r a t e  o f  n i t r i f i c a t i o n ,  measured as mg N ox id i zed l1  i t e r / h o u r ,  i s  
p l o t t e d  verses t h e  concentrat ion o f  mixed l i q u o r  v o l a t i l e  suspended 
s o l i d s  concent ra t ion  i n  t he  n i t r i f i c a t i o n  reac to r .  The l i n e  drawn 
through the  data i s  no t  1  inear  and the s lope o f  the curve  tends t o  
decrease w i t h  increas ing  MLVSS. 
Measurements o f  d isso lved oxygen concent ra t ion  (DO) were n o t  
taken dur ing  t h e  i n i t i a l  n i t r i f i c a t i o n  t e s t s .  However, subsequent t es t s ,  
d u p l i c a t i n g  the  n i t r i f i c a t i o n  r a t e s  shown i n  F igure  5 and c o l l e c t e d  
under i d e n t i c a l  experimental cond i t ions  , ind i ca ted  t h a t  t h e  DO ranged 
from 6 mg/L down t o  1  mg/R a t  t he  h ighest  sludge concent ra t ion  tes ted .  
Since t h e  da ta  o f  Nagel and H a ~ o r t h ~ ~  showed t h a t  t h e  n i t r i f i c a t i o n  
r a t e  was depressed a t  low d isso lved oxygen concentrat ions,  i t  i s  l i k e l y  
t h a t  the  non l i n e a r i t y  i n  F igu re  5 resu l ted  from the  low DO 1  eve1 s  i n  
t h e  reac to rs  t e s t e d  w i t h  h igh sludge concentrat ions.  
The amount o f  base added t o  t h e  n i t r i f i c a t i o n  t e s t  reac to rs  
was monitored w i t h  t ime t o  determine whether the base a d d i t i o n  could be 
used t o  moni tor  t he  ex ten t  o f  n i t r i f i c a t i o n .  The amount o f  base added 

per meq of amonium oxidized, however, varied widely from 50 to  150 
percent of the s to ic  hiometric requirement of 2 meq/meq ammonium oxidized. 
When a1 kalinity measurements were made before and a f t e r  each t e s t  i t  
was determined that  a lka l in i ty  changes in solution were in part res- 
ponsible for  the variation in the amount of base required for the 
maintenance of pH. When the a lka l in i ty  changes in solution were 
accounted f o r ,  the  consumption of base ranged from 1.6 t o  1.9 meq/meq 
of arr~monium oxidized. 
The r a t e  of addition of base reflected the r a t e  of n i t r i f i ca -  
tion observed during n i t r i f ica t ion  t e s t s ,  being greatest  when n i t r i f i ca -  
tion was greatest  and slowing down as the ammonium concentration dropped 
to near zero. However, since the a1 kalinity of the solution varied 
during the t e s t  and since there was not a consistent relationship 
between the arrlount of base added t o  the amount of ammonium oxidized, 
the r a t e  of base addition could not be used to monitor the ra te  of 
n i t r i f ica t ion  with any accuracy. 
The resu l t s  of 16 regeneration t e s t s  are shown in Table 2. 
The percentage regeneration for each t e s t  was calculated by dividing 
the amount of arnnonia removed from the c l inopt i lo l i te ,  by the total  
original ammonium content of the c l inopt i lo l i te .  The amount of 
ammonium removed from the zeol i te  was estimated by subtracting the 
amount of ammonium eluted from the regenerated cl inoptilol i t e  from 
the total  ammonium content of the saturated c l inopt i lo l i te .  
The t e s t s  were varied such that  a variety of sludge concen- 
trations and regenera tion times were studied. The tabu1 ated data 
indicate that regeneration level s in the range of 70-80 percent were 
TABLE 2  
Batch Regenera t i o n  Test  Resul t s  
Temp. Regeneration R a t e o f  % 
Ru n  MLVSS Ran e  Time N i t r i f i c a t i o n  Regeneration 
Number (mg l l )  (0c3 (hours) ( m g l l l h r  Ac h i  eved 
* 
25 grams o f  c l  i n o p t i l o l i t e  i n  reac to r  
* * 
10 grams o f  c l i n o p t i l o l i t e  i n  reac to r  
r o u t i n e l y  achieved i n  a  t i m e  frame o f  one t o  t h r e e  hours depending upon 
t h e  s ludge concen t ra t i on  (MLVSS) employed i n  t h e  regene ra t i on  r e a c t o r .  
The da ta  i n  Table 2 were used t o  c o n s t r u c t  a  p l o t  of t h e  
amount of ammonium ox id i zed  per  hour versus MLVSS shown i n  F i g u r e  6. 
Th i s  f i g u r e  i s  analogous t o  F i g u r e  5 c a l c u l a t e d  f o r  t h e  n i t r i f i c a t i o n  
t e s t s .  It i s  l i k e l y  t h a t  t h e  n i t r i f i c a t i o n  r a t e  i n  t h e  regene ra t i on  
r e a c t o r  v a r i e d  d u r i n g  t h e  t e s t  per iod ,  and one cannot assume i t  was 
cons tan t .  F i g u r e  6 t h e r e f o r e  r e f l e c t s  the  i n f l u e n c e  o f  s ludge concen- 
t r a t i o n  on t h e  average n i t r i f i c a t i o n  r a t e  d u r i n g  t h e  t e s t  per iod .  The 
d a t a  p o i n t s  shown i n  F i g u r e  6 a re ,  l i k e  F i g u r e  5, descr ibed  by a  
c u r v i l i n e a r  p l o t .  The da ta  e x h i b i t  s l i g h t l y  more s c a t t e r  than  F i g u r e  5; 
however t h e  sarrle t r e n d  i s  apparent.  It i s  c l e a r  f rom F igures  5  and 6 
t h a t  t h e  r a t e  o f  n i t r i f i c a t i o n  i s  much s lower  d u r i n g  regene ra t i on  than  
i t  i s  when the  ammonium i s  p resen t  i n  f r e e  s o l u t i o n .  Th i s  observa t ion  
i s  n o t  s u r p r i s i n g  s i n c e  the  arn~i~onium ions w i t h i n  t h e  c r y s t a l l i n e  cages 
o f  t h e  z e o l i t e  a r e  n o t  a c c e s s i b l e  t o  n i t r i f y i n g  b a c t e r i a .  I n  o rde r  
f o r  t h e  ammonium t o  be o x i d i z e d  i t  rr~ust f i r s t  d i f f u s e  t o  t h e  p a r t i c l e  
sur face o r  i n t o  s o l u t i o n  where it becomes access ib l e  t o  t h e  b a c t e r i a .  
The r a t e  o f  n i t r i f i c a t i o n  du r i ng  regene ra t i on  may t h e r e f o r e  be governed 
by t h e  r a t e  a t  which arrlmonium becomes access ib le .  
The f r e e  concen t ra t i on  o f  ammonium i n  s o l u t i o n  i n  t h e  regenera- 
t i o n  r e a c t o r  was rr lonitored w i t h  t i m e  d u r i n g  each t e s t  and t h e  t y p i c a l  
v a r i a t i o n  i n  ammoniurn concen t ra t i on  i s  shown i n  F i g u r e  7 f o r  two MLVSS 




Ammonium Concentration mg/I as N 
The curves  i n  F i g u r e  7 i n d i c a t e  a  t r e n d  t h a t  was apparent  i n  
t he  d a t a  c o l l e c t e d  on s o l u t i o n  ammonium concen t ra t i ons  i n  t h e  regenera- 
t i o n  r e a c t o r s .  It was noted t h a t  t h e  use o f  h i ghe r  s ludge  concen t ra t i ons  
r e s u l  t e d  i n  t h e  d isp lacement  o f  h i ghe r  ammonium concen t ra t i ons  f rom t h e  
c l i n o p t i l o l i t e .  Th i s  obse rva t i on  was exp la ined  by  c o n s i d e r i n g  t h e  
exper imenta l  techn ique .  The s ludge used i n  t h e  r egene ra t i on  s t ud ies  
i nco rpo ra ted  some o f  t h e  n u t r i e n t  s o l u t i o n  drawn from t h e  c u l t i v a t i o n  
r e a c t o r  and thus h i ghe r  ambient s a l t  concen t ra t i ons  p r e v a i l e d  i n  t h e  
r egene ra t i on  r e a c t o r s  opera ted  w i t h  l a r g e  s ludge  concen t ra t i ons .  The 
h i ghe r  ambient  s a l  t concen t ra t i on  encouraged t he  exchange d isp lacement  
o f  ammonium i o n s  and r e s u l  t e d  i n  t he  h i ghe r  s o l u t i o n  c o r ~ c e r ~ t r a t  i ons  
observed. The curves a l s o  i n d i c a t e  t h a t  t h e  f r e e  c o n c e n t r a t i o n  of 
ammonium i n  s o l u t i o n  was never more t han  35 mg/R and dropped t o  lower  
l e v e l s  as r egene ra t i on  proceeded. S ince t h e  n i t r i f i c a t i o n  r a t e  was a  
f u n c t i o n  o f  ammonium c o n c e n t r a t i o n  i n  t h i s  range  t he  l owe r  n i t r i f i c a -  
t i o n  r a t e s  observed d u r i n g  r egene ra t i on  rrlay be a  r e f l e c t i o n  o f  t h i s .  
The r a t e  o f  n i t r i f i c a t i o n  may t h e r e f o r e  have been 1  i rn i ted  by  t h e  f r e e  
c o n c e n t r a t i o n  o f  ammonium i n  s o l u t i o n .  
D i scuss ion  
These ba t ch  s t u d i e s  c l e a r l y  demonstrated t h a t  i s  i s  p o s s i b l e  
t o  r egene ra te  ammonium sa tu ra ted  c l i n o p t i l o l i t e  th rough  t h e  use of 
n i t r i f y i n g  b a c t e r i a .  Furthermore t he  regene ra t i on  process was q u i t e  
r a p i d .  The t i m e  r e q u i r e d  f o r  r e g e n e r a t i o n  depended v e r y  much upon t h e  
n i t r i f y i n g  a c t i v i t y  o f  t h e  s ludge used. For  example, w i t h  h i g h  s ludge 
c o n c e n t r a t i o n s  as much as 80% r e g e n e r a t i o n  was ach ieved i n  l e s s  than  
2 hours of c o n t a c t  t ime.  
The r a t e  o f  n i t r i f i c a t i o n  d u r i n g  r e g e n e r a t i o n  was always 
observed t o  be much s lower  t han  t h e  r a t e  o f  n i t r i f i c a t i o n  o f  f r e e  
ammonium i n  s o l u t i o n ,  however. 
It was n o t  c l e a r  whether t h e  s lower  n i t r i f i c a t i o n  r a t e s  
observed d u r i n g  r e g e n e r a t i o n  a rose  f rom the  a v a i l  a b i l  i t y  o f  t h e  ammonium 
s i n c e  ammonium was shown t o  be p resen t  i n  s o l u t i o n .  However, t h e  
s o l u t i o n  concen t ra t i ons  o f  amonium presen t  i n  t h e  r e g e n e r a t i  on r e a c t o r  
were i n  the  range  i n  which n i t r i f i c a t i o n  r a t e  was a  f u n c t i o n  o f  arr~monium 
concen t ra t i on .  As such, t h e  amount o f  a v a i l a b l e  ammonium may have 
1  i m i t e d  t h e  n i t r i f i c a t i o n  r a t e .  Th i s  remained u n c l e a r  f o r  i t  was n o t  
p o s s i b l e  t o  es t ima te  the  a v a i l a b i l i t y  o r  t h e  q u a n t i t y  o f  ammonium i ons  
assoc ia ted  w i t h  t h e  ex te rna l  su r f ace  area o f  t h e  c l i n o p t i l o l i t e  
p a r t i c l e s .  
S ince  t he  f r e e  arnmonium c o n c e n t r a t i o n  p resen t  i n  s o l u t i o n  may 
have c o n t r o l l e d  t h e  r a t e  o f  n i t r i f i c a t i o n  i t  suggested t h a t  t h e  r a t e  
o f  r e g e n e r a t i o n  may be improved by i n c r e a s i n g  t h e  s a l t  c o n c e n t r a t i o n  
i n  s o l u t i o n .  T h i s  would have the  e f f e c t  of i n c r e a s i n g  t h e  amount o f  
arr~monium d i s p l a c e d  f r om the zeol  i t e  and thereby  i n c r e a s i n g  t h e  so l  l r t i o n  
c o n c e n t r a t i o n  o f  ammonium. The s a l t  c o n c e n t r a t i o n  d i f fe rences  between 
r e a c t o r s  i n  t h i s  s tudy  were n o t  marked enough t o  cause l a r g e  enough 
inc reases  i n  s o l u t i o n  ammonium concen t ra t i on .  The i n f l u e n c e  o f  s a l t  
a d d i t i o n  on n i t r i f i c a t i o n  and r e g e n e r a t i o n  k i n e t i c s  was examined i n  
a d d i t i o n a l  r egene ra t i on  t e s t s .  
THE EFFECT OF SALT ADDITION ON THE RATE OF REGENERATION 
I n  t he  preceding s tud ies  i t  was shown t h a t  n i t r i f y i n g  b a c t e r i a  
may regenera te  amrnonia sa tu ra ted  c l  i n o p t i l o l  i t e  i n  r e l a t i v e l y  s h o r t  
per iods  o f  t ime. However, t h e  r a t e  o f  n i t r i f i c a t i o n  d u r i n g  regene ra t i on  
was always slower than  t h a t  observed i n  ammonium c o n t a i n i n g  s o l u t i o n s  
and i t  appeared as i f  t h i s  d i f f e r e n c e  m igh t  stem f rom the  s o l u t i o n  con- 
c e n t r a t i o n s  o f  ammonium t h a t  developed d u r i n g  regenera t ion .  
The e a r l y  i n v e s t i g a t i o n s  o f  n i t r i f i c a t i o n  i n  s o i l s  lead  t o  two 
c o n f l i c t i n g  op in ions  o f  t h e  a v a i l a b i l i t y  o f  "sorbed" ammonium. One 
group o f  i n v e s t i g a t o r s 3 6 y 3 7  ob ta ined  exper imental  da ta  which suggested 
t h a t  t h e  r a t e  o f  o x i d a t i o n  o f  ammonium i n  s o i l  was p r o p o r t i o n a l  t o  t h e  
amount o f  ammonium sorbed by t h e  s o i l  and they  be l ieved  t h a t  t h e  
n i t r i f y i n g  b a c t e r i a  p r e f e r e n t i a l l y  metabol i zed  t h e  adsorbed ammonium 
a t  t h e  s o i l  su r face .  A second group o f   investigator^^^-^^ c o l l  ected 
exper imenta l  evidence t o  suppor t  t h e i r  c o n t e n t i o n  t h a t  c e r t a i n  s o i l s  
o r  s o i l  m ine ra l s  may adsorb o r  " f i x "  ammonium i n  a  form ' t h a t  r e t a r d s  
. n i t r i f i c a t i o n .  I h  1955 Goldberg and G a i n e ~ ~ ~  reso l ved  these  d i f f e r e n t  
views by conduc t ing  two c a r e f u l l y  c o n t r o l 1  ed exper iments.  I n  one 
exper iment c l a y s  i n  t h e  potassium fo rm were added t o  a  n u t r i e n t  so lu -  
t i o n  c o n t a i n i n g  a  known amount o f  ammonium and an inoculum o f  n i t r i f y i n g  
b a c t e r i a .  I n  t h e  second exper iment an equ i va len t  amount o f  ammonium was 
added t o  t h e  i nocu la ted  n u t r i e n t  s o l u t i o n s  by adding t he  app rop r i a te  
weights  o f  ammonia sa tu ra ted  c l ays .  The r e s u l t s  o f  t h e i r  s t ud ies  
i n d i c a t e d  t h a t  t h e  ex ten t  o f  n i t r i f i c a t i o n  i n  b o t h  t e s t s  was d i r e c t l y  
r e l a t e d  t o  t h e  concen t ra t i on  o f  ammonium i n  s o l u t i o n .  
These observat ions p rov ide  some evidence t h a t  t h e  mechanism 
o f  r egene ra t i on  may be i o n  exchange f o l l o w e d  by n i t r i f i c a t i o n  o f  d i s -  
placed ammonium. Assuming t h i s  mechanism, i t  i s  p o s s i b l e  t o  o u t l i n e  a  
t h e o r y  o f  t h e  regene ra t i on  process. The f i r s t  s t e p  i s  i o n  exchange 
and as soon as t he  ammonium sa tu ra ted  z e o l i t e  i s  placed i n  s o l u t i o n  a  
smal l  amount o f  ammonium w i l l  be d i sp laced  accord ing  t o  equa t ion  1. 
The i o n  exchange e q u i l i b r i u m  between ammonium and sodium ions  
f o r  c l i n o p t i l o l i t e  has beer1 s tud ied  by Koon & ~ a u f m a n ~ ~ .  They ca lcu-  
l a t e d  t he  s e l e c t i v i t y  c o e f f i c i e n t  o f  Hector  C l  i n o p t i l o l  i t e  f o r  ammonium 
over  sodium t o  be 4.5 f rom ba t ch  i so therm s t u d i e s  a t  23OC. Th i s  va lue  
was c a l c u l a t e d  when the  i o n i c  f r a c t i o n  o f  ammonium i ons  i n  s o l u t i o n  was 
0.5 and h ighe r  va lues were i n d i c a t e d  a t  lower  i o n i c  f r a c t i o n s .  However, 
i t  i s  assumed t h a t  t h i s  va lue  i s  app rop r i a te  i n  ou r  ana l ys i s .  The 
ammonium i o n  concen t ra t i on  i n  s o l u t i o n  may be c a l c u l a t e d  u s i n g  equat ion  2  
i f  e q u i l i b r i u m  i n  a  b i n a r y  system i s  assumed. 
The square b racke ts  represen t  concen t ra t ions  i n  s o l u t i o n  expressed as 
meq/L and t h e  X values rep resen t  t h e  i o n i c  f r a c t i o n  o f  species i n  t h e  
z e o l i t e  phase. 
I t  i s  c l e a r  f ror r~ t h i s  equa t ion  t h a t  t h e  amount o f  ammonium 
d i sp laced  f rom t h e  z e o l i t e  i s  i n f l uenced  bo th  by t h e  amount o f  ammonium 
on t h e  z e o l i t e  and t he  s a l t  concen t ra t i on  i n  s o l u t i o n .  Thus even i f  
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This equat ion i nd i ca tes  t h a t  fo r  each equ iva len t  o f  ammonia ox id ized two 
equ iva len ts  o f  sodium carbonate a r e  requ i red  f o r  pH c o n t r o l .  One ha l f  
o f  the sodium ions  so added rep lace the ammonium ions on t h e  z e o l i t e ,  
and t h e  o the r  h a l f  remain i n  s o l u t i o n  as sodium n i t r a t e .  The regenera- 
t i o n  process the re fo re  r e s u l t s  i n  the b u i l d  up o f  sodium n i t r a t e  i n  
so lu t i on .  
The b u i l d  up o f  s a l t  i s  d e s i r a b l e  i n  t h a t  i t  may improve the 
r a t e  o f  regenerat ion i n .  the subsequent regenera t ion  cyc l  e. However, 
too  h igh  a  b r i n e  concent ra t ion  may be undesi rable s ince  i t  may cause 
i n h i b i t i o n  o f  n i t r i f y i n g  bac te r i a .  B r i ne  must t h e r e f o r e  be wasted 
a f t e r  each c y c l e  and replaced w i t h  make up water i n  order t o  main ta in  
a  d e s i r a b l e  s a l t  l e v e l .  The amount o f  b r i n e  wastage w i l l  depend 
upon i t s  concent ra t ion  and f o r  t h a t  reason i t  would be des i rab le  t o  
operate a t  as h igh  a  b r i n e  concent ra t ion  as p rac t i cab l  e. 
Unfor tunate ly  t he re  was very 1  i ttl e  information, a v a i l  ab le  
which charac ter ized the  behavior o f  n i t r i f y i n g  bac te r i a  i n  waters o f  
h igh  s a l t  content .  The main ob jec t i ves  o f  t h i s  research were the re fo re  
t o  i d e n t i f y  t h e  i n f l u e n c e  o f  s a l t  concen t ra t i o r~  upon n i t r i f i c a t i o n  and 
regenerat ion and t o  ob ta in  experimental data t o  support the  i o n  exchange 
mechanism postu lated.  
Resu 1  t s  
The c u l t i v a t i o n  o f  n i t r i f y i n g  bac te r i a  i n  a  30 l i t e r  continuous 
f l o w  u n i t  proved t r o u b l e  f r e e  and the u n i t  requ i red  1  i t t l e  a t t e n t i o n  
over a  f i v e  month opera t ing  per iod .  Sludge was wasted t o  main ta in  a  
mean c e l l  res idence t ime o f  16 days. Over the  two month t e s t  pe r iod  
the MLVSS ranged between 600 and 750 mg/L a t  t h i s  wastage r a t e .  
The e f f l u e n t  ammonia concen t ra t i on  from t h e  c u l t u r e  r e a c t o r  
was always 0.1 0.5 mg/L as n i t r ogen ,  be ing una f f ec ted  by v a r i a t i o n s  
i n  t h e  sludge age. Maximum n i t r o g e n  o x i d a t i o n  r a t e s  ranged between 
0.01 -0.1 mgN/mgMI-VSS/hr and d i d  no t  appear t o  be r e l a t e d  t o  s ludge age 
e i t h e r .  
N i t r i f i c a t i o n  S tud ies  
The i n f l u e n c e  o f  s a l t  concen t ra t i on  on n i t r i f y i n g  a c t i v i t y  was 
examined f i r s t .  N i t r i f i c a t i o n  t e s t s  were conducted under i d e n t i c a l  con- 
d i t i o n s  excepe t h a t  t h e  s o l u t i o n  s a l t  concen t ra t i on  was va r i ed .  N i t r i -  
@ 
f i c a t i o n  r a t e s  observed w i t h  sodium n i t r a t e  concen t ra t ions  rang ing  from 
0  t o  800 meq/L suggested t h a t  t h e  r a t e  o f  n i t r i f i c a t i o n  may be increased 
s l i g h t l y  by t h e  a d d i t i o n  o f  200 meq/L o f  NaN03. The a d d i t i o n  o f  400 
rneq/L s a l t  caused a  s l i g h t  decrease i n  t h e  r a t e  o f  n i t r i f i c a t i o n  b u t  
t h e  a d d i t i o n  of  h igher  s a l t  concen t ra t ions  caused s i g n i f i c a n t  i n h i b i t i o n .  
I n  F i g u r e  8 t h e  range o f  s a l t  concen t ra t i ons  s tud ied  was narrowed t o  
observe t h e  range 0-400 meq/L o f  s a l t  more c l o s e l y .  The r e s u l t s  
c l e a r l y  i n d i c a t e  t h a t  t he  a d d i t i o n  o f  100 meq/L gave t h e  most r a p i d  
n i t r i f i c a t i o n  r a t e .  The 190 meq/ l  concen t ra t i on  a l s o  e x h i b i t e d  a  
b e t t e r  n i t r i f i c a t i o n  r a t e  than t h e  c o n t r o l  which conta ined ve ry  l i t t l e  
s a l t .  The n i t r i f i c a t i o n  r a t e  a t  a  concen t ra t i on  o f  260 meq/L o f  NaN03 
was ve ry  s i m i l  a r  t o  t h a t  o f  t he  c o n t r o l  , however 363 meq/L caused t h e  
r a t e  t o  decrease somewhat 
The s tudy  i n d i c a t e s  t h a t  t he  n i t r i f i c a t i o n  r a t e  was s t i r r ~ u l a t e d  
by s a l t  concen t ra t i on  i n  t h e  range o f  100-300 meq/L w i t h  t h e  most r a p i d  
r a t e  o f  n i t r i f i c a t i o n  be ing recorded f o r  100 meq/l. It i s  p o s s i b l e  
Q - No s a l t  added 
r - 100 meq l l  NaN03 
A - 190 meq/l NaN03 
- 260 meq l l  NaN03 
r - 364 meql l  NaN03 
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T H E  INFLUENCE OF SODIUM NITRATE CONCENTRATION 
ON NITRIFICATION RATE. 
t h a t  h i ghe r  s a l t  l e v e l s  may be t o l e r a t e d  w i t h o u t  ill e f f e c t s  i n  c u l t u r e s  
of n i t r i f y i n g  b a c t e r i a  t h a t  a re  acc l imated  t o  h i g h  s a l t  l e v e l s .  The t e s t  
procedure employed i n  t h i s  s t udy  was harsh. The b a c t e r i a  were taken f rom 
t h e  cont inuous c u l t u r e  r e a c t o r ,  , ind an ambient s a l t  c o n c e n t r a t i o n  o f  75 
meq/L, washed i n  de ion ized  water  and remixed w i t h  a  s o l u t i o n  c o n t a i n i n g  
t h e  t e s t  s a l t  concen t ra t i on .  T h e i r  behav io r  may w e l l  be i n f l u e n c e d  by 
t h i s  chair1 o f  events  and, t h e  maximum n i t r i f i c a t i o n  r a t e  observed a t  
100 meq/L may o n l y  be a  r e f l e c t i o n  o f  t he  f a c t  t h a t  t he  c u l t u r e  r e a c t o r  
was operated a t  a  s a l t  concen t ra t i on  o f  75 meq/L. However, r ecogn i z i ng  
t h e  shortcomings o f  such a  technique,  t h e  n i t r i f i c a t i o n  da ta  remain 
v a l i d  f o r  t h e  purposes o f  t h i s  s tudy  s i n c e  t he  b a c t e r i a  employed i n  t h e  
r e g e n e r a t i o n  t e s t s  were t r e a t e d  i n  t h e  same fash ion .  The i n t e r m e d i a t e  
wash w i t h  de ion ized  water  was r e q u i r e d  i n  o r d e r  t o  reduce t he  i n i t i a l  
n i t r a t e  l e v e l  i n  t h e  r e a c t o r  such t h a t  any change i n  n i t r a t e  concen t ra -  
t i o n  cou ld  be determined accu ra te l y .  
Very few s t u d i e s  have been conducted t o  determine t h e  i n f l uence  
o f  sa l  t c o n c e n t r a t i o n  upon n i t r i f y i n g  a c t i v i t y .  ~ i p m a n ~ f i b s e r v e d  t h a t  
t h e  r a t e  o f  n i t r i f i c a t i o n  i n  s o i l s  cou ld  be acce le ra ted  by t h e  a d d i t i o n  
o f  smal l  q u a n t i t i e s  o f  NaCl o r  Na2S04, and he observed i n h i b i t i o n  when 
concen t ra t i ons  exceeded 49 meq/L Na2S04 o r  17 meq/L NaC1. Much h i ghe r  
concen t ra t i ons  o f  s a l t  were r epo r t ed  by ~ e i  k e l  j ohn45  however, who observed 
t h a t  s u b s t a n t i a l  o r  complete i n h i b i t i o n  o f  n i t r i f y i n g  b a c t e r i a  was caused 
by sodium c h l o r i d e  concen t ra t i on  of 0.5 M. M i l l s  eA u L 4 6 ,  u s i n g  s a l t  
concen t ra t i ons  s i m i l a r  t o  those employed i n  t h i s  s tudy,  r e p o r t e d  t h a t  t h e  
a d d i t i o n  o f  6600 mg/L o f  NaCl (113 meq/L) t o  domest ic sewage caused no 
i n h i b i t i o n  o f  n i t r i f i c a t i o n  i n  a  t r i c k l i n g  f i l t e r .  When 20,000 mg/L 
(342 meq/L) o f  s a l t  was added, 10-17% i n h i b i t i o n  was noted. 
I n  o t h e r  s t u d i e s  t h e  a d d i t i o n  o f  s a l t  t o  n i t r i f y i n g  c u l t u r e s  
caused a  v a r i a b l e  response.  olem man^^ no ted  t h a t  t h e  n i t r i f i c a t i o n  i n  
c e r t a i n  s o i l s  was s t i m u l a t e d  by t h e  a d d i t i o n  o f  NaN03 w h i l e  no e f f e c t  was 
observed i n  o t h e r  samples. S i m i l a r l y  Loveless ct r e p o r t e d  t h a t  t he  
a d d i t i o n  o f  sodium su lpha te  t o  a  number o f  a c t i v a t e d  s ludge  samples 
r e s u l t e d  i n  increased n i t r i f i c a t i o n  r a t e s  i n  o n l y  some o f  t h e  samples. 
These d i f f e r e n c e s  may p o s s i b l y  be caused by  v a r i a t i o n s  i n  t h e  t y p e  of 
n i t r i f y i n g  b a c t e r i a  p resen t  i n  the  i n d i v i d u a l  t e s t  u n i t s .  Recen t l y  
i n v e ~ t i g a t o r s ~ ~ ~ ~ 0  have observed t h a t  pure c u l t u r e s  o f  n i t r i f y i n g  b a c t e r i a  
i s o l a t e d  f rom s a l i n e  waters  respond i n  d i f f e r e n t  ways t o  s a l t  (NaC1) 
concen t ra t i on .  A1 t e r n a t i v e l y  these d i f f e r e n c e s  may be exp la ined  by 
d i f f e rences  i n  t h e  c a t i o n i c  compos i t i on  o f  t h e  s o l u t i o n s  i n  d i f f e r e n t  
t e s t  u n i t s .  McCarty51 rev iewed t h e  i n f l u e n c e  o f  s a l t  c o n c e n t r a t i o n  on 
t h e  p h y s i o l o g i c a l  processes o f  a  v a r i e t y  o f  organisms and noted t h a t  
w h i l e  h i g h  c o n c e n t r a t i o n  o f  s a l t s  i n h i b i t  b i o l o g i c a l  a c t i v i t y ,  t h e  
t o x i c i t y  o f  a  c a t i o n  v a r i e s  w i t h  t h e  presence o f  o t h e r  c a t i o n s  i n  s o l u t i o n .  
I n  t h i s  s tudy  t h e  concen t ra t i ons  o f  meta ls  o t h e r  t han  sodium 
were negl i g i  b l  e. However, i f  n i t r i f y i n g  b a c t e r i a  a r e  r e p e a t e d l y  used 
t o  r egene ra te  spent c l  i n o p t i l o l  i t e ,  s i g n i f i c a n t  concen t ra t i ons  of 
magnesium, ca l c i um  and t o  a  l e s s e r  e x t e n t  potassium, may develop i n  
s o l u t i o n .  S ince  these  ions  may cause antagonism o r  synergism when 
p resen t  t oge the r  w i t h  a  h i g h  sodium concen t ra t i on ,  f u r t h e r  s t u d i e s  were 
made t o  de te rmine  t h e i r  i n f l u e n c e  upon n i t r i f i c a t i o n  r a t e s .  These 
s t u d i e s  a r e  r e p o r t e d  i n  a  f o l l o w i n g  sec t i on .  
Regenerat ion S tud ies  
K i n e t i c  s t ud ies  were made o f  t h e  r a t e  of n i t r i f i c a t i o n  i n  so lu -  
t i o n s  c o n t a i n i n g  ammonia sa tu ra ted  c l  i n o p t i l o l  i t e  and v a r y i n g  sa l  t 
concen t ra t i ons .  The r e s u l t s  a r e  r e p o r t e d  i n  F i gu re  9. I n  t h i s  f i g u r e ,  
t h e  percentage o f  t h e  ammonium n i t r o g e n  i n i t i a l l y  on t h e  z e o l i t e  t h a t  i s  
o x i d i z e d  t o  n i t r a t e  i s  p l o t t e d  as a  f u n c t i o n  o f  t ime .  The t o t a l  i n i t i a l  
ammonium n i t r o g e n  con ten t  o f  t h e  c l i n o p t i l o l i t e  was c a l c u l a t e d  f rom the  
amount of n i t r a t e  produced d u r i n g  r egene ra t i on  p l u s  t h e  amount o f  
ammonium e l u t e d  from t h e  z e o l i t e  a t  t h e  conc lus i on  o f  t h e  r egene ra t i on  
process. The curves ob ta ined  i n d i c a t e  t h a t  t h e  s a l t  concen t ra t i on  
e x e r t s  a  s t r ong  i n f l u e n c e  on t h e  r a t e  o f  n i t r i f i c a t i o n  i n  t h i s  system 
as  w e l l .  
A1 1  o f  t h e  cu rves  ob ta ined  were 1  i n e a r  d u r i n g  t h e  i n i t i a l  s tage  
o f  r egene ra t i on ,  however, t h e  r a t e  o f  n i t r i f i c a t i o n  c h a r a c t e r i s t i c a l l y  
decreased as t h e  e x t e n t  o f  n i t r i f i c a t i o n  increased.  The decrease i n  t he  
r a t e  o f  n i t r i f i c a t i o n  was most pronounced i n  t h e  r egene ra t i on  t e s t s  con- 
ducted w i t h  no added s a l t  o r  w i t h  low s a l t  concen t ra t ions .  A t  t h e  h i ghe r  
s a l t  concen t ra t i ons  s t u d i e d  t h e  curves were almost l i n e a r  up t o  complete 
r e g e n e r a t i o n  o f  t h e  zeo l  i t e .  
The i n i t i a l  s lopes o f  t h e  curves i n  F i g u r e  9 v a r i e s  w i t h  s a l t  
concen t ra t i on .  N i t r i f i c a t i o n  r a t e s  computed f rom these  s lopes a re  
presented i n  Tab1 e  3 and compared w i t h  t h e  measured n i t r i f y i n g  a c t i v i t y  
of t h e  s ludge  on t h e  days o f  t h e  t e s t s .  The d a t a  show t h a t  t h e  n i t r i f i c a -  
t i o n  r a t e  i n  t h e  r egene ra t i on  r e a c t o r  i s  lower  than t h a t  observed i n  t h e  
n i t r i f i c a t i o n  s tudy  except  when 100-200 meq/L o f  NaN03 i s  p resen t  i n  t h e  
r egene ra t i on  r e a c t o r .  As observed above, t h e  sa l  t concen t ra t i ons  i n  the  
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r egene ra t i on  r e a c t o r  f i r s t  enhance t h e  r a t e  o f  n i t r i f i c a t i o n  and t h e n  as 
h igher  concen t ra t i ons  a r e  employed i n h i b i t i o n  occurs.  The d i f f e r e n c e  i n  
n i t r i f i c a t i o n  r a t e s  observed i n  t h e  case where no s a l t  i s  added t o  t h e  
r e g e n e r a t i o n  r e a c t o r  may be exp la ined  by t he  f r e e  ammonium i o n  concent ra-  
t i o n  i n  s o l u t i o n  d u r i n g  t h i s  t e s t .  I f  t h e  ammonium on t h e  zeo l  i t e  i s  
i n a c c e s s i b l e  f o r  n i t r i f i c a t i o n ,  t h e  r a t e  of n i t r i f i c a t i o n  w i l l  be con- 
t r o l l e d  by t h e  a v a i l a b i l i t y  o f  ammoniuin i n  s o l u t i o n .  The n i t r i f i c a t i o n  
r a t e  c o l l e c t e d  a t  t h e  t ime  of t h e  t e s t  i n d i c a t e d  t h a t  t h e  r a t e  of 
n i t r i f i c a t i o n  decreased when t h e  f r e e  am~nonium n i t r o g e n  c o n c e n t r a t i o n  
f e l l  below 20 mg/R. 
The d e v i a t i o n  f r om  l i n e a r i t y  observed i n  F i gu re  9 as  t h e  
e x t e n t  o f  n i t r i f i c a t i o n  increases c o r r e l a t e s  we1 1 w i t h  t h e  f r e e  amnonium 
i o n  concen t ra t i ons  p resen t  i n  s o l u t i o n .  The f r e e  ammonium concen t ra t i on  
i n  s o l u t i o n  as a  percentage o f  t h e  t o t a l  N  i n  t h e  system, i s  p l o t t e d  as 
a  f u n c t i o n  o f  t i m e  f o r  each o f  t h e  r egene ra t i on  t e s t s  and t h e  da ta  a r e  
presented i n  F i g u r e  10. 
The curves  i n  F i g u r e  10 f o r  d i f f e r e n t  s a l t  c o n c e n t r a t i o n  ve r y  
c l e a r l y  show t h a t  as t he  s a l t  c o n c e n t r a t i o n  i n  t h e  r e a c t o r  i s  increased 
t h e  i n i t i a l  f r a c t i o n  o f  ammonium-N i n  s o l u t i o n  inc reases  as expected. 
The c o n c e n t r a t i o n  o f  ammonia i n  s o l u t i o n  i s  t hen  seen t o  decrease as 
n i t r i f i c a t i o n  occurs .  
The percentage regene ra t i on  a t  any t i m e  i s  equal t o  t h e  f r a c t i o n  
o f  n i t r o g e n  t h a t  has been t r a n s f e r r e d  t o  t h e  s o l u t i o n  phase. The per-  
centage i s  t h e r e f o r e  d e f i n e d  as shown below i n  equa t ion  8, where 1 I s  
r e f e r s  t o  equ i va l en t  concen t ra t i ons  i n  s o l u t i o n .  
T l M E  (MINUTES)  
THE CONCENTRATION OF AMMONIUM IN SOLUTION AS A 
FUNCTION OF TlME AND SALT CONCENTRATION IN THE 
REGENERATION REACTOR. 
@ - NO SALT ADDED ; D - 100 M'EQ/L NaCl ; a - 2 0 0  MEQ/L 
NaCl  ; -300 MEQIL N a C l  ; x - 4 0 0 k l E Q / ~  N a C I  ; 
0 -  600 MEQ/L N a C I .  
[NH4-N]s  + [NlI3-N]s 
% Regeneration = Total equivalents N or iginal ly  on Clinopt i lol i te  (8)  
A plot of % regeneration i s  therefore obtained by combining 
Figures 9 and 10 as shown in Figure 1 1 .  The cross hatched area in each 
curve represents the contribution of f ree  ammonium to the extent of 
regeneration. The dashed 1 ine under the crosshatched area represents 
the extent of n i t r i f ica t ion  and i s  the same as  that shown in Figure 9 .  
The heavy sol id 1 ine describes the extent of regeneration a t  any time. 
Considering the curve's presented for  different  s a l t  concentra- 
tions in Figure 11  i t  i s  apparent that  during the early stages of regen- 
eration the 1 inear portion of the ni t r i f i ,cat ion curves correspond to the 
time a t  which a large ammonium ion concentration exists in solution. As 
the ammonium ion concentration dropped, the r a t e  of n i t r i f ica t ion  tended 
to  decrease, in accord with the n i t r i f ica t ion  studies. Eventually 
ammonium concentrations were reduced t o  very 1 ow levels and the approach 
to  complete regeneration was governed by the r a t e  of n i t r i f ica t ion .  For 
example in the reactors containing 0, 100 and 200 meq/R NaN03 n i t r i f i ca -  
tion was extremely slow a f t e r  140 minutes since in each case the ammonia 
concentration in solution was only 1-4 mg/R as N .  
The r a t e  of n i t r i f ica t ion  and thus regeneration was therefore 
limited by the extent of ion exchange during the final stages of regenera- 
tion. If the s a l t  concentration in the reactor was increased such tha t  
a greater amount of ammonium was displaced from the c l inop t i lo l i t e  then 
the r a t e  of n i t r i f ica t ion  was more rapid, and complete regeneration of 
the cl inoptilol i t e  was accomplished sooner. Thus Figure 11 indicates 
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tha t  the reactor containing 400 meq/R achieved complete regeneration 
f i r s t  even though the in i t ia l  r a t e  of n i t r i f ica t ion  in th i s  reactor was 
not as great as that  measured in the reactors of lower s a l t  content. 
Further studies were conducted to determine the influence of 
par t ic le  s i ze  upon the r a t e  of regeneration, a typical resul t  of these 
studies i s  presented in Figure 12. I t  was observed t h a t  when cl inop- 
t i l o l i t e  particles of different sizes were regenerated in a solution 
containing 200 meq/R of NaC1, the i n i t i a l  r a t e  of n i t r i f ica t ion  was not 
a1 tered significantly.  However, the approach to complete regeneration 
was a1 ways observed to be more rapid with particles of smaller s ize.  
As shown in the previous studies the capacity of the cl inop- 
t i l o l  i t e  for ammoniu~n rnay be considered independent of particl e s ize.  
As the par t ic le  s ize i s  reduced, however, the kinetics of ion exchange 
a re  increased. The fas te r  approach t o  corr~plete regeneration with the 
smaller cl inopt i lo l i te  par t ic les  may therefore be explained in terrns of 
the i r  more rapid release of arnrnonium ions. 
Many investigators have observed that  the provision of a large 
surface area enhances biological act ivi  ty52. This phenomenon has been 
explained primarily as  a resu l t  of the fac t  that  a large surface area 
may provide an interface a t  which bacteria and their  nutrients tend to 
concentrate. Thus the provision of a large surface area would clearly 
enhance biol ogical ac t iv i ty  where the ambient nutrient concentration 
i s  low or where attachment to a solid surface would prevent organism 
wash out in a continuous flow system. I t  may therefore appear that  the 
surface area effects  could also account for the difference in the curves 
shown in Figure 12, and one could perhaps argue tha t  in the l a t t e r  stages 
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i RATE OF NITRIFICATION IN THE REGENERATION 
REACTOR. 
o f  regenera t ion  when t h e  ammonium concen t ra t i on  i s  low, t he  a d d i t i o n a l  
su r face  area i n  t he  r e a c t o r  w i t h  t h e  smal le r  p a r t i c l e  s i z e  may enhance 
t h e  r a t e  o f  n i t r i f i c a t i o n .  Th i s  i s  considered improbable f o r  two 
reasons, however: 1  ) t h e  c l  i n o p t i l o l  i t e  p a r t i c l e s  showed no s igns  of 
any a t tached growth a t  t h e  conc lus ion  o f  t h e  t e s t s ,  and 2) even i f  any 
b a c t e r i a  were a t tached t o  t h e  p a r t i c l e  sur face  d u r i n g  t h e  t e s t  t h e i r  
mass would represent  an i n s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  organisrr~ 
mass i n  t h e  system. For t hese  reasons su r face  area e f f e c t s  were consid- 
ered n e g l i g i b l e  and the d i f f e r e n c e s  i n  the r a t e s  o f  i o n  exchange must 
be invoked t o  account f o r  t h e  observed r a t e s  o f  n i t r i f i c a t i o n .  
Some t e s t s  were a l s o  conducted t o  determine the  r a t e s  of 
regenera t ion  of d i f f e r e n t  weights o f  c l  i n o p t i l o l  i t e .  One, two, f i v e  
and t e n  gram q u a n t i t i e s  o f  ammonium sa tu ra ted  z e o l i t e  were each added 
t o  a  l i t e r  o f  n i t r i f y i n g  s ludge c o n t a i n i n g  50 meq/R NaC1. A low s a l t  
concent ra t ion  was se lec ted  f o r  t h i s  s tudy t o  ensure t h a t  t h e  ammonium 
concent ra t ions  t h a t  developed i n  s o l u t i o n  were n o t  t oo  high. Using 
equat ion 1 i t  was ca l cu la ted  t h a t  w i t h  50 meq/R NaCl ,'maximum concentra- 
t i o n s  o f  24 rng/L, 43 mg/L, 85 mg/L and 134 mg/L NH4-N would develop i n  
t h e  r e a c t o r s  con ta in i ng  1, 2, 5 and 10 grams o f  c l  i n o p t i l o l  i t e ,  
r e s p e c t i v e l y .  The observed ammonium concent ra t ions  i n  s o l u t i o n  and 
r a t e s  o f  n i t r i f i c a t i o n  a r e  presented i n  F igures  13 and 14, r e s p e c t i v e l y .  
The ammonium concent ra t ions  t h a t  a c t u a l l y  developed were s i g n i f i c a n t l y  
l e s s  t han  p r e d i c t e d  values. Th i s  may i n  p a r t  r e f l e c t  t h e  use of an 
i n a p p r o p r i a t e  va lue  f o r  the  ammonium-sodium s e l e c t i v i t y  c o e f f i c i e n t ,  
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, 10 grams/l i t r e ;  A, 5 grams/l i t re ;  , 2 grams/l i t r e ;  0 , 1 gram/.li t r e  
1 ,  
r e l a t i v e l y  r a p i d  r a t e  of n i t r i f i c a t i o n .  The curves st-~own i n  F igure  14 
1 
4 
I i n d i c a t e  t h a t  t h e  n i t r i f i c a t i o n  r a t e  increased w i t h  inc reas ing  weight  o f  
I c l  i n o p t i l o l i t e .  Th is  r e s u l t  was n o t  a n t i c i p a t e d  b u t  may be accounted 
I I 
f o r  by cons ider ing  the  n i t r i f i c a t i o n  k i n e t i c s  on the days o f  the  t e s t s .  
1 1 These da ta  which a r e  shown i n  F igu re  15 i n d i c a t e  t h a t  r a t e  o f  n i t r i f i c a -  
t i o n  was dependent upon t h e  s o l u t i o n  concent ra t ion  o f  ammonium when i t  
1 
I J was l e s s  than 100 mg/l. Since the ammonium concent ra t ions  i n  t he  
I regenera t ion  reac to rs  were gene ra l l y  l e s s  than 100 mg/ l  t he  r a t e s  o f  
I 
n i t r i f i c a t i o n  i n  each o f  t h e  regenera t ion  reac to rs  was 1  im i ted  by t h e  
~ 
f r e e  ammonium concent ra t ion .  A comparison between the i n i t i a l  r a t e s  o f  
n i t r i f i c a t i o n  i n  t he  regenera t ion  reac to rs  and the r a t e s  o f  n i t r i f i c a -  
I t i o n  computed from t h e  s lope o f  F igure  15 a t  t he  average ammonium con- 
( c e n t r a t i o n s  shown i n  F igu re  13 showed very c l o s e  agreement and thus 
I conf i rm t h a t  t h e  f r e e  amrnoniurn i o n  concent ra t ion  i s  con t ro l  1 i n g  t h e  
r a t e  o f  n i t r i f i c a t i o n  i n  t h e  regenera t ion  reac to rs .  
Compl e te  regenera t ion  o f  t he  c l  i n o p t i  l o 1  i t e  should inc rease 
! the n i t r a t e  conten t  o f  t h e  water by approx imate ly  28 mg/l, 56 mg/l ,  
I 140 mg/ l  and 280 mg/ l  NO3-N f o r  t he  reac to rs  con ta in ing  1, 2, 5  and 10 
I 
. 1 grams of c l  i n o p t i l o l  i t e ,  r espec t i ve l y .  Thus F igure  14 i n d i c a t e s  t h a t  
complete regenera t ion  o f  the one gram batch o f  c l  i n o p t i l o l  i t e  was 
achieved i n  80 minutes, and a f t e r  200 minutes the 2  gram batch was 
1 complete ly  regenerated whereas o n l y  65% and 48% n i t r i f i c a t i o n  were 
I 




FIGURE 15  
The.Observed Dependence of N i t r i f i c a t i o n  Rate on Ammonium 
C o n c e n t r a t i o n  D u r i n g  t h e  Tes ts  Dep ic ted  i n  F i g u r e s  13 and 14 
I - F i r s t  T e s t  Date; a- Second T e s t  Date 
Summary 
These r e s u l t s  a1 1  conf i r m  t h e  observa t ions  o f  Go1 dberg and Gaineyg 
and i n d i c a t e  t h a t  it i s  t h e  s o l u t i o n  c o n c e n t r a t i o n  o f  amnonium which con- 
t r o l s  t h e  r a t e  o f  n i t r i f i c a t i o n .  The ammonium c o n c e n t r a t i o n  i n  s o l u t i o n  
i s  i n  t u r n  c o n t r o l l e d  by  t h e  amount o f  ammonium d i s p l a c e d  by i o n  exchange. 
Thus decreas ing  t h e  p a r t i c l e  s i z e  o f  t he  c l  i n o p t i l o l  i t e  and i n c r e a s i n g  
t h e  s a l t  c o n c e n t r a t i o n  i n  s o l u t i o n  was observed t o  inc rease  t he  r a t e  o f  
r e g e n e r a t i o n  by i nc reas ing  t h e  r a t e  o f  i o n  exchange. The n i t r i f y i n g  
b a c t e r i a  were, however i n h i b i t e d  s i g n i f i c a n t l y  by s a l t  concen t ra t i ons  
h i ghe r  than  0.6 M and no n i t r i f i c a t i o n  a t  a l l  was observed i n  a  regenera- 
t i o n  r e a c t o r  t e s t e d  a t  1  M s a l t  concen t ra t i on .  
Not o n l y  was s a l t  observed t o  a c c e l e r a t e  r e g e n e r a t i o n  by 
i r ~ c r e a s i n g  t h e  e x t e n t  o f  i o n  exchange b u t  i t  was a l s o  found t o  s t i ~ n u l a t e  
t h e  n i t r i f y i n g  b a c t e r i a  i n  low concen t ra t i ons ,  0-0.4 M, a  r e s u l t  which 
i s  c o n s i s t e n t  w i t h  a  number o f  p rev ious  s t u d i e s .  S ince  sodium n i t r a t e  
inc reases  i n  c o n c e n t r a t i o n  n a t u r a l l y  d u r i n g  t h e  b i o l o g i c a l  r egene ra t i on  
process, advantage may be taken o f  t h i s  e f f e c t  by  o p e r a t i n g  a t  a  s a l t  
c o n c e n t r a t i o n  o f  say 0.4 M. 
These s t u d i e s  a l s o  i n d i c a t e  t h a t  i t  i s  p o s s i b l e  t o  ach ieve 
h i ghe r  1  eve1 s  o f  r e g e n e r a t i o n  than  recorded  i n  t h e  p rev ious  s e c t i o n  o f  
t h i s  r e p o r t .  I n  t h i s  s tudy  f o r  example 99% regene ra t i on  was ach ieved 
i n  l e s s  t han  3 hours when 400 meq/R o f  sodium c h l o r i d e  were added t o  
t h e  r e g e n e r a t i  on r e a c t o r .  
These r e s u l t s  and t h e  c o n f i r m a t i o n  o f  t h e  mechanism o f  regenera- 
t i o n  have two ma jo r  i m p l i c a t i o n s  w i t h  r espec t  t o  t h e  des ign  o f  b i o l o g i c a l  
r egene ra t i on  process. F i r s t l y ,  they  i n d i c a t e  t h a t  n i t r i f i c a t i o n  can  t ake  
p lace  i n  concentrated s a l t  s o l u t i o n s  which i s . p r e r e q u i s i t e  t o  t h e  econom- 
i c a l  ope ra t i on  o f  a b i o l o g i c a l  r egene ra t i on  process; i t  means t h a t  the 
volume o f  waste b r i n e  t o  be disposed of i s  n o t  excessive. Secondly, they  
suggest t h a t  r egene ra t i on  may be accomplished j u s t  as s a t i s f a c t o r i l y  i f  
a s a l t  b r i n e  i s  used t o  e x t r a c t  t h e  ammonium and the  b r i n e  i s  b i o l o g i c a l l y  
r e s t o r e d  f o r  reuse. 
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oxygen l o s s  f rom s o l u t i o n  i n  a  b a c t e r i a  f r e e  n u t r i e n t  s o l u t i o n .  The 
exper imenta l  c o n d i t i o n s  ( temperature,  s t i r r e r  speed) were e x a c t l y  as 
used i n  t h e  t o x i c i t y  t e s t s .  The r e s u l t  i s  shown i n  F i g u r e  16 and t he  
s l ope  o f  t h i s  l i r r e  gave a  maximum oxygen l o s s  r a t e  o f  0.12 mg/ l /min.  
Th is  r a t e  o f  oxygen l o s s  frorn the  r e a c t o r  i s  i n s i g n i f i c a n t  compared w i t h  
t h e  r a t e  o f  oxygen d e p l e t i o n  by t h e  n i t r i f y i n g  b a c t e r i a .  The l o s s  of 
oxygen t o  t h e  atrrlosphere was t h e r e f o r e  neglected i n  these  s tud ies .  
The d i s s o l v e d  oxygen probe measured t h e  a c t i v i t y  o f  t h e  oxygen 
i n  s o l r ~ t i o n  and when s a l t s  a r e  added t o  t h e  r e a c t o r  s o l u t i o n  t h e  ac tua l  
oxygen c o n c e n t r a t i o n  i s  lower  than  t h e  measured a c t i v i t y .  I t  was t h e r e -  
f o r e  necessary t o  measure the  s o l u b i l i t y  o f  oxygen i n  s a l t  s o l u t i o n s  
o f  v a r y i n g  c o n c e n t r a t i o n  t o  c a l c u l a t e  t h e  a c t i v i t y  c o e f f i c i e n t s .  
F i g u r e  17 presents  the  measured oxygen so l  u b i  1  i ti es i n  so l  u t i o n s  
c o n t a i n i n g  monovalent ( N ~ N O ~ )  and d i va1  e n t  ( C a ( ~ 0 ~ ) ~ )  c a t i o n s .  From 
these curves  two equat ions were d e r i v e d  : 
For monovalent ions  : 
and f o r  d i v a l e n t  ions :  
DO - D o a c t i v i t y  conc. 0.002 x  + 1.04 
where X r e f e r s  t o  t h e  number o f  m i l l  i e q u i v a l e n t s  per  1  i t e r  o f  s a l t  i n  
s o l u t i o n .  
Sodium I n h i b i t i o n  
The i n f l u e n c e  o f  0.1 t o  0.6 M NaN03 was measured f i r s t .  The 
recorded d i s s o l v e d  oxygen c o n c e n t r a t i o n  p r o f i l e s  w i t h  t i m e  a r e  presented 

FIGURE 17 
THE EFFECT OF SALT ON SOLUBLITY OF OXYGEN 
I N DILUTING WATER EXPOSED TO WATER - SATURATED 
AIR,AT 3 0 ° C .  
i n  F i gu re  18. The DO c h a r a c t e r i s t i c a l l y  dropped i n  a  l i n e a r  f a s h i o n  
u n t i l  a  concen t ra t i on  o f  6-8 mg/L was reached. A t  lower  concen t ra t ions  
t h e  oxygen up take  r a t e  decreased. The s l ope  o f  t he  l i n e a r  p o r t i o n  of  
cu rves  was employed f o r  measuring t he  oxygen uptake r a t e  a t  each s a l t  
concen t ra t ion .  D u p l i c a t e  t e s t s  were conducted a t  each s a l t  concen t ra t i on  
and t he  average r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  19. These da ta  i n d i c a t e d  
t h a t  the  a c t i v i t y  o f  n i t r i f y i n g  b a c t e r i a  was reduced as t h e  ambient 
sodium concen t ra t i on  was r a i s e d  above 100 meq/L, and t hey  agreed w e l l  
w i t h  t h e  e a r l i e r  s t ud ies .  The n i t r i f i c a t i o n  r a t e  was observed t o  drop 
s i g n i f i c a n t l y  a t  concen t ra t ions  above 0.3 M NaN03. 
Potassium I n h i b i t i o n  
0.1 t o  0.6 M KN03 was added t o  t h e  n i t r i f y i n g  b a c t e r i a  and t he  
average oxygen uptake r a t e s  a r e  p l o t t e d  i n  F igu re  20. The p a t t e r n  o f  
i n h i b i t i o n  was s i m i l a r  t o  t h e  e f f e c t s  o f  sodium w i t h  s l i g h t l y  l e s s  
i n h i b i t i o n  a t  the  h igher  s a l t  concen t ra t ions .  
Calcium I n h i b i t i o n  
The e f f e c t s  o f  ca lc ium on t h e  oxygen up take  r a t e  o f  n i t r i f y i n g  
b a c t e r i a  were a1 so monitored. However, t h e  r e l a t i v e l y  low s o l u b i  1  i ty o f  
ca l c i um carbonate and ca lc ium phosphate a t  pH 8  caused p r e c i p i t a t i o n  i n  
these s tud ies .  Al though i n  F igu re  21 t h e  observed oxygen uptake r a t e  i s  
p l o t t e d  a g a i n s t  t h e  added c a l c i u ~ n  c o n c e n t r a t i o n  i t  must be recognized 
t h a t  t h e  ac tua l  s o l u b l e  concen t ra t i on  o f  ca l  cium may be s i g n i f i c a n t l y  
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FIGURE 20 
THE EFFECT OF POTASIUM ON OXYGEN UPTAKE RATE 
WITH MLVSS = 952 MG/L 

Magnesium I n h i b i t i o n  
P r e c i p i t a t i o n  was a l so  observed i n  the  s tud ies  w i t h  magnesium. 
The r e s u l t s  shown i n  F igure  22 i n d i c a t e  t h a t  t he  magnesium was s l i g h t l y  
more t o x i c  than t h e  calcium. 
Ef fec ts  o f  Other Cations on Sodium I h h i b i t i o n  
F i r s t l y ,  t he  i n f l u e n c e  o f  potassium concentrat ions ( 0  - 0.1 M) 
on the  r a t e  o f  oxygen uptake i n  the presence o f  0.3 M NaN03 was evaluated. 
The r e s u l t s  shown i n  F igure  23 i n d i c a t e  t h a t  no an tagon is t i c  e f f e c t s  
were evident.  The on l y  apparent e f f e c t  was a  s l i g h t  reduc t i on  i n  oxygen 
uptake r a t e  as the potassium concent ra t ion  was increased. This  was 
expected s ince  the f i n a l  t o t a l  s a l t  concent ra t ion  was 0.4 M. 
The a d d i t i o n  o f  calcium and magnesium i n  concentrat ions up t o  
0.2 M t o  0.3 M NaNl13 y i e l d e d  the  r e s u l t s  repor ted  i n  Figures 24 and 25. 
These r e s u l t s  i n d i c a t e  t h a t  calcium and magnesium d i d  n o t  a1 t e r  the  
oxygen uptake r a t e  s i g n i f i c a n t l y .  I n  a  f i n a l  t e s t  n i t r i f y i n g  a c t i v i t y  
was monitored i n  a  medium c o n s i s t i n g  o f  0.24 M o f  sodium, 0.03 M o f  
magnesium and 0.045 M o f  potassium ions. Calcium was then added t o  
s o l u t i o n  i n  concentrat ions up t o  0.2 M. The change i n  a c t i v i t y  i s  
repor ted  i n  F igure  26. Calcium p r e c i p i t a t i o n  occurred d u r i n g  the t e s t  
and the  a d d i t i o n  o f  ca lc ium had no s i g n i f i c a n t  e f f e c t  on the a c t i v i t y  
o f  t he  sludge. 
Discussion 
No o ther  i nves t i ga to rs  have s tud ied  t h e  i n f l u e n c e  o f  such h igh  
s a l t  c o r ~ c e n t r a t i o r ~ s  on the  a c t i v i t y  o f  n i t r i f y i n g  bac ter ia .  The inforrna- 
t i o n  a v a i l a b l e  i n  the  l i t e r a t u r e  has been reviewed above (page 41).  
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FIGURE 22 
THE EFFECT OF MAGNESIUM ON OXYGEN UPTAKE 
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and t h e  exper imental  c o n d i t i o n s  were general  l y  n o t  as we1 1  c o n t r o l  1  ed 
i n  p rev ious  s tud ies  as t hey  were i n  these  s tud ies .  The pH, amonium 
c o n c e n t r a t i o n  and temperature were a l l  kept  cons tan t  i n  these  s tud ies  
and comparat ive s tud ies ,  made w i t h  d i f f e r e n t  s a l t  concen t ra t i on ,  were 
a l l  made w i t h  t he  same sample o f  b a c t e r i a  on t he  same day. 
High s a l t  concen t ra t i ons  were s tud ied  s i nce  t h e  o b j e c t i v e  was 
t o  i d e n t i f y  poss ib l  e  t o x i c  c o n d i t i o n s  t h a t  may a r i s e  d u r i n g  regenera t ion .  
The r e s u l t s  * g e n e r a l l y  show t h a t  concen t ra t ions  o f  ca lc ium,  magnesiurr~ and 
potassium have l i t t l e  e f f e c t  on t h e  observed sodium i n h i b i t i o n .  Thus, 
i f  d u r i n g  t h e  course  o f  r egene ra t i on  h i g h  concent ra t ions  o f  these o the r  
i o n s  a r e  re leased  t o  s o l u t i o n  t hey  should n o t  have a  marked e f f e c t  on 
t h e  r a t e  o f  n i t r i f i c a t i o n .  
The l a c k  o f  any observed a n t a g o n i s t i c  e f f e c t s  p robab ly  r e s u l t e d  
from t h e  compos i t ion  o f  t h e  o r i g i n a l  n u t r i e n t  s o l u t i o n .  T h i s  s o l u t i o r ~  
conta ined low concen t ra t i ons  o f  a l l  t h e  meta ls .  A l so  compara t i ve ly  l a r g e  
meta l  i o n  dosages were added t o  t he  s ludge  samples i n  these s tud ies .  
McCarty5* found t h a t  ve ry  smal l  concen t ra t i ons  o f  K+ on t he  o rde r  o f  
0.01 M would antagonize sodium i n h i b i t i o n  o f  methane b a c t e r i a  f o r  
examp 1  e  . 
-7 5- 
HEAVY METAL SELECTIVITY STUDIES 
S p e c i a l l y  p re t r ea ted  samples o f  c l  i n o p t i l o l i t e  were prepared 
i n  o r d e r  t h a t  t h e  s e l e c t i v i t y  o f  the  z e o l i t e  f o r  heavy me ta l s  cou ld  be 
measured. The p re t rea tments  were in tended t o  1  each i m p u r i t i e s  f rom the  
z e o l i t e  so t h a t  i t  would behave i n  a  r e p r o d u c i b l e  way. The p re t rea tment  
a l s o  ensured t h a t  t he  observed s e l e c t i v i t i e s  a r e  c h a r a c t e r i s t i c  of 
those  which may be observed i n  p r a c t i c e  w i t h  a  z e o l i t e  t h a t  has been 
opera ted  through a  number o f  s e r v i c e  cyc l es .  
Resu l t s  
Ca pa c  i ty Mea su rerr~en ts  
The r e s u l t s  o f  t h e  c a p a c i t y  measurements a r e  presented i n  
Table  4 .  The r e s u l t s  proved rnore v a r i a b l e  t han  a n t i c i p a t e d  and a  number 
of t e s t s  were made t o  i d e n t i f y  t h e  cause o f  t h i s  v a r i a t i o n .  The volurne 
o f  ammonium s o l u t i o n  employed t o  c o n v e r t  the c l  i n o p t i l o l i t e  t o  t h e  
ammonium form was v a r i e d  f rom ,100 t o  1000 r n l  and had no e f f e c t  on e i t h e r  
t h e  va lue  o r  va r i ance  o f  t h e  measured c a p a c i t i e s .  However, t h e  recon- 
d i  t i o n i n g  process, and repeated c a p a c i t y  determi  na t i ons  upon a  s ing1  e  
. 
sample o f  c l  i n o p t i l o l  i t e ,  caused a  s i g n i f i c a n t  i nc rease  i n  measured 
capac i t y .  For example, t h e  average c a p a c i t y  o f  c o n d i t i o n e d  c l  i n o p t i l o l  i t e  
inc reased  f rom 1.69 rr~eq/g d u r i n g  t h e  f i r s t  c a p a c i t y  measurement t o  2.23 
meq/g when t h e  c a p a c i t i e s  o f  i n d i v i d u a l  samples were measured f o r  t h e  
t h i r d  t ime .  
The a c i d  washed c l i n o p t i l o l  i t e  had a  c a p a c i t y  approx imate ly  
equal t o  t h a t  o f  t h e  r econd i t i oned  c l  i n o p t i l o l  i t e  when t he  f i r s t  
TABLE 4 
Resul ts  of t he  Capacity Tests Dur ing the  
Metal S e l e c t i v i t y  Tests 
Number o f  Sampl e 
Type o f  C l  i n o p t i l o l  i t e  Samples Ca pac i t y  Test 
Sampl e Tested rneq/gram Number 




Recondi t i oned  
Acid Washed 
* 
Capac i t ies  measured by both ammor~iurn ar~d sodium e l u t i o n  studies.  
capac i t y  t e s t s  o f  t h e  two samples were compared. The measured ammonium 
and sodium c a p a c i t i e s  a l s o  agreed very  w e l l  f o r  t h e  samples o f  a c i d  
washed z e o l i t e .  
S ince  samples of r econd i t i oned  and a c i d  washed c l  i n o p t i l o l i t e  
were employed i n  t h e  e q u i l  i brium s tud ies  t h e  z e o l i t e  c a p a c i t y  was taken 
E q u i l i b r i u m  Stud ies  
The r e s u l t s  o f  t h e  f i r s t  e q u i l i b r i u m  s tudy  a r e  p l o t t e d  i n  
F igu re  27. The o r d i n a t e  a x i s  i n  each diagram, jM++, represen ts  t h e  
computed f r a c t i o n a l  capac i t y  o f  the  c l  i n o p t i l o l  i t e  occupied by t h e  
i n d i v i d u a l  heavy metal ions  and the  absc issa,  XN++, d e p i c t s  t h e  equ iv -  
a l e n t  i o n i c  f r a c t i o n  o f  heavy metal  i n  s o l u t i o n  a t  e q u i l i b r i u m .  
These e q u i l  i b r i u m  diagrams appa ren t l y  i n d i c a t e  t h a t  t h e  heavy 
metal  s  were a1 1  concentrated w e l l  by t h e  c l  i n o p t i l o l  i t e  a t  low s o l u t i o n  
f r a c t i o n s  o f  t h e  heavy meta ls .  
The pH o f  t h e  s o l u t i o n s  ranged between 5.5 and 6.5 i n i t i a l l y  
b u t  was observed t o  inc rease  du r i ng  t h e  course o f  e q u i l i b r a t i o n .  The 
e x t e n t  o f  t h e  pH inc rease  was c l e a r l y  c o r r e l a t e d  t o  t he  amount of 
r econd i t i oned  c l  i n o p t i l o l  i t e  employed i n  each b o t t l e .  F i gu re  28 
d e p i c t s  t he  f i n a l  measured pH va lues f o r  t h e  s t u d i e s  conducted w i t h  
barium, cadmium and 1  ead. 
The r e s u l t s  o f  t h e  second and t h i r d  e q u i l i b r i u m  s t u d i e s  a r e  
p l o t t e d  i n  F i g u r e  29. These s tud ies  conducted a t  a  l ow  pH (4.5) w i t h  
t h e  a c i d  washed c l i n o p t i l o l i t e  show a  p a t t e r n  t h a t  i s  ve ry  s i m i l a r  t o  
t h e  f i r s t  e q u i l i b r i u m  t e s t  r e s u l t s  discussed above. Lead and bar ium 
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Figure 28. Equilibrium pH of the Barium, Cadmium, and Lead 
Samples from the First Equilibrium Study. 

a r e  s t i l l  much more s e l e c t i v e  f o r  c l  i n o p t i l o l  i t e  than  copper, cadmiun 
and z i nc ,  which t h r e e  i ons  e x h i b i t  a lmost  i d e n t i c a l  e q u i l  i b r i u m  curves. 
When t h e  a c i d  washed c l i n o p t i l o l i t e  was employed, however, t he  maximum 
values o f  jM++ achieved were reduced s i g n i f i c a n t l y .  
The r e s u l t s  of t h e  t h i r d  e q u i l i b r i u m  study demonstrated t h a t  
w i t h  t h e  excep t ion  o f  the z i n c  and l e a d  isotherms t h e  curves dep i c ted  i n  
F i g u r e  29 showed good r e v e r s i b i l i t y .  I n  t h e  case o f  lead  and z i n c ,  
however, t h e  metal  i o n s  were appa ren t l y  n o t  re leased  f rom t h e  c l i n o p t i l o -  
1  i t e  t o  t h e  e x t e n t  t h e  curves ob ta ined  i n  t he  second e q u i l  i b r i u n ~  s tudy 
would suggest. 
I n  t he  second e q u i l i b r i u m  s tudy  t h e  measured pH va lues  o f  t he  
t e s t  s o l u t i o n s  dec l  ined  d u r i n g  t h e  two day equi 1  i b r a t i o n  per iod .  I n t e r -  
mediate pH va lues were recorded, a t  one day, t he  pH was t hen  ad jus ted  t o  
4.5 aga in  and the f i n a l  e q u i l i b r i u m  pH va lues were a l s o  recorded.  The 
r e s u l t s  a r e  shown i n  F igu re  30 f o r  1  ead-sodium exchange. The e x t e n t  of 
t h e  pH d rop  increased as t he  i n i t i a l  concen t ra t i on  o f  the  heavy metal  
was increased.  
A1 1  t h e  e q u i l  i b r a t e d  samples were s l i g h t l y  m i l  ky i n  appearance 
and t h i s  was found t o  be caused by a t t r i t i o n  o f  c l  i n o p t i l o l  i t e  under t h e  
shak ing c o n d i t i o n s  employed i n  t h i s  study. 
Table 5 p resen ts  t h e  r e s u l t s  o f  t h e  l each ing  s tudy  i n  which 
samples o f  c l  i n o p t i l o l  i t e  were shaken w i t h  de ion i zed  water  f o r  a  week. 
Comparing t h e  r e s u l t s  from t h e  c o n t r o l s  and t he  sarnples o f  a c i d  washed 
z e o l i t e  i t  i s  apparent t h a t  t h e  f i n a l  pH and a1 k a l i n i t y  va lues were 
i d e n t i c a l  ; no measurabl e  change was detected.  The recond i  t i oned  
c l i n o p t i l o l i t e  caused t h e  pH and a l k a l i n i t y  t o  inc rease  s i g n i f i c a n t l y ,  
intermediate pH, 2nd equilibrium study 
+ 
Figure  30, pH During t h e  Exchange o f  t h e  Na - ~ b + +  P a i r  i n  
the second and third E q u  i l  i briutr~ Studies 
3.3 
0 final pH,  2nd equilibrium study 
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0 final pH, 3rd equilibrium study 
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TABLE 5 
Resu l t s  o f  t h e  Leaching Study i n  Which C l  i n o p t i l o l  i t e  Samples were 
Shaken w i t h  Deion ized Water f o r  One Week 
( E q u i l  i brium Temperature = 33°C) 
A1 ka l  i n i t y  Suspended 
* I n i t i a l  F i n a l  (mg/L as C1 s o l i d s  Ca M g Na 
Sampl e PH PH CaC03) (mgl.e> ( W l L  ) h 3 l . e  > (mgl.e> (mg/ l>  
* 
Samples 1 and 2 were c o n t r o l s  w i t h o u t  any z e o l i t e ,  3 and 4 were samples o f  r econd i t i oned  
c l  i n o p t i l o l  i t e ,  and 5 and 6 were samples o f  acid-washed c l  i n o p t i l o l  i t e .  
however. In addit ion analys is  of the change i n  calcium, sodium, 
magnesium, and chloride ion concentrations demonstrated t h a t  with 
the  exception of chloride which was never detected in any of the  
solutions , these  ions 1 eached in to  solut ion i n  varying concentrations. 
Sodium was displaced in the l a rge s t  amount with a concentration a s  
high a s  35 mg/L being found following equi l ibra t ion with the recondi- 
tioned zeo l i t e .  Calcium and magnesium were never found in concentra- 
t i ons  exceeding 0.3 and 2.2 mg/L, respectively.  In a l l  cases much 
lower concentrations of the ions were found i n  so lut ions  exposed t o  
acid washed zeol i  t e  compared with solut ions  contacted with the recon- 
di t ioned zeol i t e .  
The cation concentrations reported in Table 5 a r e  larger  than 
the reported a l k a l i n i t i e s  and other anions such a s  sulphate,  f o r  which 
analyses were not made, must a1 so have been present in solut ion.  
The high suspended so l ids  values recorded i n  t e s t s  with both 
the zeo l i t e  samples resul ted  from zeo l i t e  f i ne s .  
Discussion 
In the  preparation of the zeol i t e ,  acid-washing should not have 
affected i t s  framework s ince  c l  inopti lol  i  t e  has proven t o  be more acid- 
r e s i s t a n t  than other  zeo l i t e s54 .  The use of sodium chlor ide  a t  pH 10 
was the harshest a lka l ine  condition and a t t r i t i o n  of the z e o l i t e  a t  t h i s  
pH may a l so  be considered negl igibl e24355 
Capac i t y  Measurements 
The average c a p a c i t i e s  o f  t h e  severa l  d i f f e r e n t  p repa ra t i ons  o f  
t h e  z e o l i t e  were n o t  t he  same. The c a p a c i t y  o f  t h e  cond i t i oned  z e o l i t e ,  
1.69 + 0.08 meq/g d r y  z e o l i t e ,  was sma l l e r  than  those  o f  t h e  r econd i -  
t i o n e d  and acid-washed z e o l i t e ,  1.82 2 0.23 and 1.86 + 0.05 meq/g d r y  
z e o l i t e ,  r e s p e c t i v e l y .  A l though t h e  l a t t e r  two p repa ra t i ons  gave 
approx imate ly  t h e  same average capac i t y ,  t h e  v a r i a b i l i t y  i n  t h e  va lue  
of t h e  r e c o n d i t i o n e d  z e o l i t e  was much g r e a t e r  t h a n  t h a t  o f  t h e  a c i d -  
washed z e o l i t e .  Recond i t i on ing  w i t h  a  s a l t  s o l u t i o n  a d j u s t e d  t o  pH 
10.0 should  have removed a c i d i c  i m p u r i t i e s  f rom t h e  zeo l  i t e .  S i m i l a r l y ,  
acid-washing should  have removed any bas ic  i m p u r i t i e s .  
The c a p a c i t y  o f  a  z e o l i t e  sample inc reased  w i t h  each r e p e t i t i o n  
o f  t h e  d e t e r m i n a t i o n  and appeared t o  l e v e l  o f f  a t  about  2.24 meq/g d r y  
z e o l i t e .  Jorgensen ct d.56 a l s o  noted t h a t  t h e  c a p a c i t y  of a  sample of 
c l  i n o p t i  l o 1  i t e  increased w i t h  t h e  number o f  regenera t ions .  T h e i r  
r e g e n e r a t i o n  process cons i s t ed  o f  t rea tment  w i t h  4 pe rcen t  NaOH f o r  
30 minutes f o l l o w e d  by a  r i n s e  w i t h  one 1 o f  de ion i zed  wate r  f o r  40 
m i r~u tes .  A f t e r  r e p e a t i n g  t h i s  procedure f o u r  t imes,  t h e  measured 
c a p a c i t y  was found t o  be cons tan t .  They conc luded t h a t  t h e  sodium 
hydrox ide  " a c t i v a t e s "  t h e  c l  i n o p t i l o l  i t e .  The r e s u l t s  o f  t h i s  s tudy  
suggest t h a t  i t  i s  n o t  n e c e s s a r i l y  t h e  sodium hydrox ide  which i s  
r e s p o n s i b l e  f o r  t h e  increased c a p a c i t y  s i nce  i n  t h i s  s tudy n e u t r a l  
sodium c h l o r i d e  was used. It may, however, be r e l a t e d  t o  t h e  r~urnber 
o f  exchange c y c l e s  t h a t  t h e  z e o l i t e  i s  exposed t o  a f t e r  be ing  o v e r  
d r i e d  a t  103OC. 
Equ i l i b r i um Studies 
The increase i n  s o l u t i o n  pH du r ing  t h e  f i r s t  e q u i l i b r i u m  study 
was c l e a r l y  caused by the  leach ing  o f  basic  i m p u r i t i e s  from the  c l  i n o p t i l -  
o l i t e  i n t o  s o l u t i o n .  This  was demonstrated i n  the  leach ing  study on 
recond i t ioned c l i n o p t i l o l i t e .  The e levated pH caused some concern as t o  
whether o r  no t  t h e  metals  were p r e c i p i t a t i n g  i n  t he  system. Using t h e  
s o l u b i l i t y  products f o r  the metal hydroxides and the metal carbonates 
i t  was poss ib le  t o  c a l c u l a t e  the pH t o  which a  l o m 3  M s o l u t i o n  of t h e  
i n d i v i d u a l  metal s  would have t o  be ra i sed  before  p r e c i p i t a t i o n  would 
occur.  For the  purpose o f  c a l c u l a t i n g  the carbonate s o l u b i l i t i e s  t h e  
t o t a l  carbonate species concentrat ion was est imated from the  1  eaching 
study resu l  t s  t o  be approximately 10  - 3 w 6  M. The r e s u l t s  a r e  presented i n  
Table 6  and they i n d i c a t e  t h a t  i n  c e r t a i n  o f  t he  t e s t s  p r e c i p i t a t i o n  may 
have occurred. For instance, lead and cadmium carbonates were t h e  l e a s t  
so lub le  and a  1  M s o l u t i o n  o f  these metal s  should have p r e c i p i t a t e d  
a t  pH l e v e l s  o f  approximately 3.7 and 4.8, respec t i ve l y .  
No metal p r e c i p i t a t e s  were i d e n t i f i e d  v i s u a l l y  s ince  w i t h  the  
except ion o f  copper they  a r e  wh i te  o r  c o l o r l e s s  and the  presence of 
z e o l i t e  f ines  masked t h e i r  presence. Examination o f  the  suspended 
s o l i d s  i n  t he  e q u i l i b r a t e d  s o l u t i o n  f o l l o w i n g  f i l t r a t i o n  showed o n l y  
c l  i n o p t i l o l  i t e  f i nes ,  having the  same beige c o l o r  as the  c l  i n o p t i l o l  i t e  
p a r t i c l e s .  
Whi le the  s o l u b i l i t y  in fo rmat ion  presented i n  Tab1 e  6  i nd i ca tes  
t h e  p o s s i b i l i t y  o f  carbonate p r e c i p i t a t i o n  i n  c e r t a i n  o f  t he  systems, one 
must remember t h a t  the b icarbonate i s  released t o  s o l u t i o n  s lowly  over 
t he  l e n g t h  o f  the e q u i l i b r i u m  study. The metal ions  do the re fo re ,  have 
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an opportunity t o  exchange with sodiu~r~ ions before precipitation occurs. 
The metal ions may, however, precipitate a t  the zeol i te  surface or 
within the zeol i te  i t s e l f  as others have observed. 5 7 9 5 8  When the metal 
i s  concentrated on the zeol i te  the solubi l i ty  product(s) rnay be exceeded 
and precipitation may follow. 
Analysis of the in i t i a l  and final metal and sodiu1.n ion concen- 
trations revealed that  the f inal  total cation concentration was sl ightly 
higher than the in i t i a l  concentration. Examination reveal'ed that the 
final cationic concentrations could be calculated assuming stoichiometric 
exchange and using figures for sodium leaching taken from Table 2. This 
suggests that  no precipitation occurred within the zeol i te .  However, 
since the final solution metal concentrations were measured in decanted 
and acidified solutions the above mass balance does not preclude the 
possibili ty of metal precipitation in solution. If precipitation did 
occur in solution then the measured solution concentrations would 
represent the sum of metal as  precipitate and metal in t rue  solution. 
If  th is  were so then the true values of XM++ in Figure 27 should be 
lower. This would of course mean that the c l inopt i lo l i te  i s  more selec- 
t ive  for the metals than Figure 27 suggests. 
In the second equilibrium study the acid-washed cl inoptilol i t e  
was employed and the ambient pH was maintained a t  approximately 4.5. 
Under these conditions al l  of the metals should have been quite soluble 
and a l l  of the analyses indicated t h a t  equivalent amounts of sodium were 
released by the exchange of heavy metals. Unlike the f i r s t  equilibrium 
there was no net increase in cation concentration during the course of 
equ i 1 i brat ion. 
The e q u i l i b r i u m  curves ob ta ined  i n  t h e  second s tudy  were v e r y  
s i m i l a r  t o  those  o f  t h e  f i r s t  study. Comparing them i t  i s  apparent t h a t  
i n  bo th  s tud ies  l ead  and barium a r e  much more s e l e c t i v e  f o r  t he  c l i n o p -  
t i l o l i t e  than copper, cadmium and z i n c .  I n  t h e  case o f  bar ium and l ead  
i t  was apparent  t h a t  much lower  metal concen t ra t i ons  remained i n  s o l u t i o n  
a t  low va lues  o f  RM++ i n  t h e  second s tudy  than  the  f i r s t  study. For 
example, t h e  s o l u t i o n  concen t ra t i on  o f  l ead  i n  e q u i l i b r i u m  w i t h  apb++ 2 0.1 
was approx imate ly  2  mg/R i n  t h e  f i r s t  s tudy and 0.1 mg/R i n  t h e  second. 
I f  any p r e c i p i t a t i o n  occurred i n  s o l u t i o n  d u r i n g  t h e  f i r s t  s tudy t h i s  may 
have been respons ib l e  f o r  the observed d i f f e r e n c e .  However, bo th  barium - 
and l e a d  were taken up t o  a  g r e a t e r  e x t e n t  by t h e  recond i t i oned  c l i n o p -  
t i l o l  i t e  a t  the  h i ghe r  s o l u t i o n  concen t ra t i on  o f  these  meta ls .  
I n  t h e  case o f  cadmium, z i n c  and copper t h e  recond i t i oned  
c l  i n o p t i l o l i t e  showed b e t t e r  uptake o f  t he  meta ls  over  t h e  whole range 
o f  concen t ra t i ons  i nves t i ga ted .  Why t h e  recond i t i oned  c l  i n o p t i l o l  i t e  
should be more s e l e c t i v e  f o r  copper, z i n c  and cadmium than  t h e  ac id -  
washed c l  i n o p t i l o l  i t e  i s  n o t  c l e a r .  Only p r e c i p i t a t i o n  o f  the  meta ls  
w i t h i n  the  z e o l i t e  would exp la i n  these d i f f e r e n c e s .  
The reverse  e q u i l i b r i u m  s tudy  i n  which t h e  meta l  i ons  were 
caused t o  exchange o f f  the  c l i n o p t i l o l i t e  i n d i c a t e d  t h a t  t he  e q u i l i b r i u m  
may n o t  have been achieved i n  the case o f  lead,  z i n c  and cadmium. I n  
t h e  case o f  lead  t he  da ta  p o i n t s  p l o t t e d  i n  F i g u r e  29d correspond q u i t e  
c l o s e l y  w i t h  the cu rve  ob ta ined  i n  the  f i r s t  e q u i l i b r i u m  study. I n  t h e  
case o f  z i n c  and cadmium t h e  da ta  p o i n t s  f a l l  between the curves f o r  t he  
f i r s t  and second s tud ies .  I t  i s  t h e r e f o r e  p robab le  t h a t  more than a  
few days o f  con tac t  a r e  r e q u i r e d  be fo re  e q u i l  i b r i u m  i s  t r u l y  achieved. 
Because o f  t h e i r  s i z e  c e r t a i n  o f  t he  heavy meta ls  may n o t  be 
.able t o  exchange w i t h  a l l  o f  t h e  sodium i o n s  w i t h i n  t h e  c r y s t a l  s t r u c t u r e  
of t he  z e o l i t e .  I n  F igu re  29(a) and (d ) ,  t h e  e q u i l i b r i u m  curves f o r  
bar ium and l e a d  l e v e l  o f f  r a p i d l y  a t  IN++ 2 - 0.6-0.8. showed 
t h a t  ~ a "  cou ld  n o t  r e p l a c e  16 o f  t h e  85  ~ a '  i ons  i n  t h e  u n i t  c e l l  of 
L i nde  X z e o l i t e  i n  t he  sodium form. The i o n  exchange f o r  t h i s  system 
te rmina ted  a t  t he  p o i n t  r ep resen t i ng  81 percent  bar ium l oad ing .  It i s  
apparent  t h a t  w i t h  l e a d  and bar ium exchange on a c i d  washed c l i n o p t i l o l i t e  
t h e  maximum c a p a c i t y  f o r  these metal  s  may a1 so be 1  ess t han  1  00 percent .  
I n s p e c t i o n  o f  F i gu re  27(b) and ( d ) ,  however, demonstrate t h a t  
w i t h  t h e  r e c o n d i t i o n e d  zeol i t e  t he  meta l  uptakes approach t h e  maximum 
rrleasured capac i ty .  
These s tud ies  i n d i c a t e  t h a t  heavy metal  s  may be concentrated 
by c l i n o p t i l o l i t e  i f  they  a r e  p resen t  i n  t h e  wastewater i n  i o n i c  form. 
S ince  the exchange was shown t o  be r e v e r s i b l e  i t  i s  p o s s i b l e  t h a t  these 
i ons  cou ld  be e l u t e d  frorrl t he  zeol i t e  d u r i n g  regenera t ion .  These meta ls  
may n o t  be s o l u b l e  i n  t h e  regeneran t  s o l u t i o n  (pH 8.0)  however l o c a l i z e d  
low pH c o n d i t i o n s  i n  the  n i t r i f i c a t i o n  process may s o l u b i l i z e  these 
metal  s  . 
If meta ls  a r e  p resen t  i n  a  wastewater i n  a  colr~plexed form t h e  
c l  i n o p t i l o l  i t e  may s t i l l  concen t ra te  t h e  metal  depending upon t h e  r e l a -  
t i v e  s t a b i l i t y  cons tan t  of t he  metal -complex and t h e  s e l e c t i v i t y  o f  t h e  
metal  f o r  c l i n o p t i l o l i t e .  However, the  degree o f  concen t ra t i on  should 
be s i g n i f i c a n t l y  l e s s  and t h i s  w i l l  reduce t h e  p o s s i b i l i t y  of s i g n i f i c a n t  
metal  r e 1  ease d u r i n g  regenera t ion .  
These studies indicate that the influence of controlled metal 
additions to  wastewaters should be studied in order t o  determine the 
effect of these metals on the regeneration process. 
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40 mg/L had no e f f e c t  and t h e  n i t r i f i c a t i o n  r a t e  remained v i r t u a l l y  
cons tan t .  Ana l ys i s  o f  the s o l u t i o n  revea led  t h a t  as expected copper 
hydrox ide  had p r e c i p i t a t e d  l e a v i n g  o n l y  0.05 t o  0.1 mg/L o f  s o l u b l e  
copper i n  so l  h t i o n .  
Subsequent s tud ies  were conducted w i t h  o rgan i c  1  igands p resen t  
i n  s o l u t i o n  t o  inc rease  t h e  concen t ra t i on  of s o l u b l e  copper. Humic ac ids ,  
n i t r y l  t r i - a c e t a t e  (NTA), EDTA, g l y c i n e  and c i t r i c  a c i d  were employed i n  
t he  f o l l o w i n g  s t u d i e s  t o  s o l u b i l i z e  t he  added copper.  
Humic Ac id  - Copper S tud ies  
Humic a c i d  was added t o  a  s l u r r y  o f  n i t r i f y i n g  b a c t e r i a  t o  
determine i t s  e f f e c t  when no copperwas  p resen t  i n  s o l u t i o n .  Tests  were 
conducted a t  two ambient s a l t  concen t ra t ions :  0.05 and 0.3 M NaN03. The 
measured oxygen up take  r a t e s  i n  t h e  presence o f  10  and 100 mg/L of humic 
a c i d  (HA) concen t ra t ions  a re  repo r ted  i n  Table 7 shown below. 
TABLE 7 
Measured Oxygen Uptake Rates (MgOz/L/ h r )  i n  t h e  Presence of 
Humic Ac id  i n  0.05 and 0.3 M NaN03 s o l u t i o n s  
I n i t i a l  l O m g / L  HA l 0 0 m g l L H A  I n i t i a l  1 0 m g l L H A  100mg/LHA 
The r a t e  o f  oxygen up take  was depressed by bo th  concen t ra t i ons  o f  HA and 
t h e r e  was no d i s t i n g u i s h a b l e  d i f f e r e n c e  i n  t h e i r  e f f e c t s  a t  e i t h e r  s a l t  
concen t ra t i on .  
The a d d i t i o n  o f  copper t o  d i f f e r e n t  humic a c i d  concen t ra t ions  
a r e  shown f o r  an ambient s a l t  concen t ra t i on  o f  0.05 M NaN03 i n  F igu re  32. 
The copper s t i l l  tended t o  s t i r nu la te  t h e  a c t i v i t y  o f  t h e  b a c t e r i a  as may 
be seen by the  t h r e e  curves marked (1 )  i n  t h i s  f i g u r e .  However, these 
r e s u l t s  were n o t  r e p r o d u c i b l e  and the  e f f e c t  o f  t he  humic ac id  was 
appa ren t l y  v a r i a b l e .  Nevertheless, the  a d d i t i o n  o f  copper t o  t he  b a c t e r i a  
i n  t h e  presence o f  humic ac id  showed no t o x i c  e f f e c t s  i n  these s h o r t  
term stud i es. 
S i m i l a r  t e s t s  conducted a t  an ambient s a l t  concen t ra t i on  o f  
0.3 M NaN03 a r e  dep ic ted  i n  F igu re  33. ( I n  t h i s  case t he  a d d i t i o n  o f  
copper t o  t h e  b a c t e r i a  caused marked i n h i b i t i o n . )  These r e s u l t s  were 
aga in  v a r i a b l e  b u t  by comparison w i t h  t h e  s tud ies  a t  0.05 M'NaN03 i t  
i s  apparent  t h a t  t he  cooper i s  more t o x i c  i n  t h e  presence o f  h i ghe r  
s a l t  concen t ra t ions .  
So lub le  copper concen t ra t ions  were recorded i n  each o f  t h e  
t o x i c i t y  t e s t s  w i t h  humic ac id .  These analyses were made on t h e  r e a c t o r  
s o l u t i o n  f o l l o w i n g  f i l t r a t i o n  through a  g l ass  f i b e r  f i l t e r  paper. The 
r e s u l t s  demonstrated t h a t  i n  a1 1  cases v e r y  low copper concen t ra t ions  
remained i n  s o l u t i o n .  The copper concen t ra t i on  never exceeded 2  mg/ l  
i n  any o f  t he  f i l t e r e d  s o l u t i o n s .  Th i s  obse rva t i on  i n d i c a t e d  t h a t  the  
copper was s t i l l  be ing p r e c i p i t a t e d  i n  s o l u t i o n .  There was no apparent 
c o r r e l a t i o n  between t h e  b a c t e r i a l  a c t i v i t y  and t he  measured s o l u b l e  
copper concen t ra t i on .  
Copper-EDTA Compl exes 
The t o x i c i t y  o f  copper-EDTA complex was rnoni t o red  by adding 
a  1  ;I molar  s o l u t i o n  of copper su l  phate and ED'TA t o  t h e  n i t r i f y i n g  
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b a c t e r i a  i n  t h e  presence o f  0.3 M NaN03. Copper concen t ra t i ons  rang ing  
f rom 1 t o  40 mg/L were s tud ied.  F i g u r e  34  shows t h a t  the  oxygen up take  
r a t e  decreased up t o  5 m g / l  of added copper and then  remained e s s e n t i a l l y  
cons tan t .  The r e s u l t  was a l s o  rep roduc ib l e .  When EDTA a lone  was added 
i n  amounts e q u i v a l e n t  t o  1-40 mg/L o f  copper a d d i t i o n ,  e x a c t l y  t h e  same 
curve  was obta ined.  
Copper-Ci t r a t e  Compl exes 
The t o x i c i t y  of a 1.5:1 M copper su l  phate sodium c i t r a t e  s o l u t i o n  
was i n v e s t i g a t e d .  The r e s u l t s  ob ta ined  showed a somewhat s i m i l a r  t rend  t o  
t h a t  observed w i t h  EDTA as may be seen i n  F igu re  35. The t o x i c i t y  
increased r a p i d l y  t o  approx imate ly  1 0  mg/L o f  added copper and t hen  
l e v e l e d  o f f .  F i g u r e  35 i n d i c a t e s  t h a t  when t he  c i t r a t e  i s  added by 
i t s e l f  a s i m i l a r  p a t t e r n  i s  observed. 
Copper-NTA Cornpl exes 
The e f f e c t  o f  a 1 :1 molar  s o l u t i o n  of copper su lpha te  and NTA 
was t e s t e d  next .  The presence o f  NTA caused a somewt- at unusual response. 
The a d d i t i o n  of copper complex caused i n h i b i t i o n  up t o  5 mg/L, however, 
f u r t h e r  a d d i t i o n s  reduced t h i s  t o x i c  e f f e c t  and by 10  mg/L o f  added 
copper no t o x i c  e f f e c t  was apparent.  The c u r v e  may be seen i n  F igu re  36. 
T h i s  f i g u r e  a l s o  demonstrates t he  e f f e c t  o f  NTA a lone  and a s i m i l a r  
response i s  apparent  a l t hough  t h e  recovery  a t  h i ghe r  doses i s  s lower.  
Copper-Glyc i n e  Compl exes 
The e f f e c t  o f  1:1 mo la r  copper su lpha te -g l yc i ne  i s  shown i n  
F igu re  37. The copper g l y c i n e  complexes were t he  most t o x i c  t o  t h e  
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n i t r i f y i n g  b a c t e r i a .  F i f t y  percen t  i n h i b i t i o n  was noted a t  a  dosage o f  
40 rr~g/R o f  copper and the  t e s t  i n d i c a t e d  a  v e r y  s i g n i f i c a n t  t ime  e f f e c t :  
t h e  t o x i c i t y  increased w i t h  t i m e  markedly.  The a d d i t i o n  o f  g l y c i n e  
a lone  caused a  s i m i l a r  b u t  l e s s  t o x i c  response. 
D iscuss ion  
The observed s t i m u l a t i o n  of n i t r i f y i n g  b a c t e r i a  a t  low concen- 
t r a t i o n s  of  added copper was a l s o  repo r ted  by Tom1 inson  eA They 
observed s t i m u l a t i o n  of a  pure c u l  t u r e  of Nitrosomonas europaea a t  con- 
c e n t r a t i o n s  of added copper i n  t h e  r e g i o n  o f  0.1 mg/R and s i g n i f i c a n t  
' i n h i b i t i o n  abou t  0.5 mg/L. I n  exper iments conducted w i t h  a c t i v a t e d  
sludge, however, i n h i b i t i o n  was noted a t  h igher  copper concen t ra t ions :  
f o r  example, 25% i n h i b i t i o n  was measured a t  a  copper c o n c e n t r a t i o n  o f  
35 mg/ l .  U n f o r t u n a t e l y  the  authors  d i d  n o t  s t a t e  the  pH of t h e  s o l u t i o n s  
i n  t h e i r  s tudy  and i t  i s  n o t  c l e a r  whether t h e  d i f f e r e n c e  i n  t o x i c i t y  
observed between t h e  pure c u l t u r e  and a c t i v a t e d  s ludge r e s u l t e d  from 
d i f f e r e n t  s o l u b l e  copper concen t ra t ions ,  o r  as t h e  au thors  suggest a  
. g r e a t e r  degree o f  complexat ion i n  the  a c t i v a t e d  s ludge system. 
It i s  c l e a r  i n  t h e  r e s u l t s  presented here t h a t  p r e c i p i t a t i o n  
occurred r a p i d l y  a t  pH 8 .0  and t he  r e s u l t i n g  low s o l u b l e  copper concen- 
t r a t i o n s  had a  s t i m u l a t i n g  e f f e c t  i n  the  s h o r t  p e r i o d  o f  exposure 
s tud ied .  The i n f l u e n c e  o f  humic a c i d  on the t o x i c i t y  o f  copper was 
v a r i a b l e  and r a t h e r  d i f f i c u l t  t o  account f o r .  The a d d i t i o n  o f  humic 
a c i d  a l one  was c l e a r l y  t o x i c  t o  t h e  n i t r i f y i n g  b a c t e r i a  whatever t h e  
s a l t  concen t ra t i on  p resen t  i n  s o l u t i o n .  Th i s  may be because o f  t h e  
humic a c i d s  a b i l i t y  t o  complex essen t i a l  t r a c e  meta ls  b u t  because t h e  
hu~i i ic a c i d  was n o t  p u r i f i e d  i t  may a1 so be because o f  t h e  re lease  of a  
t o x i c  concent ra t ion  o f  an i m p u r i t y  i n  t he  humic ac id.  
The observed d i f f e r e n c e  between the e f fec t  o f  copper and humic 
a c i d  i n  0.05 M and 0.3 M NaN03 cannot be explained. There was no d i f f e r -  
ence i n  s o l u b l e  copper concentrat ions rneasured a t  t he  two s a l t  concentra- 
t i o n s  and fu r ther r r~ore  s tud ies  on humic ac id  alone, repor ted  above, 
i nd i ca ted  t h a t  the s a l t  concent ra t ion  had no e f fec t  on t h e  degree o f  
i n h i  b i t i o n  observed. 
The v a r i a b i l  i t y  o f  t h e  r e s u l t s  f o r  t he  hurnic a c i d  s tud ies  may 
r e s u l t  f rom the experimental technique employed i n  t h i s  study. The 
corr~pl exa t ion  of copper by humic a c i d  i s  n o t  a r a p i d  process and i f  
copper i s  added t o  a s o l u t i o n  con ta in ing  humic ac id,  the  amount o f  
complexed copper w i l l  increase as the m ix tu re  ages.bl This  was n o t  
recognized du r i ng  our s tud ies  i n  which n i t r i f i c a t i o n  r a t e s  were , 
measured 15 minutes a f t e r  the a d d i t i o n  of copper t o  t h e  s o l u t i o n  con- 
t a i n i n g  hurnic ac id .  
The choice o f  che la t i ng  agents examined i n  t h i s  s tudy was 
made by cons ider ing  a range o f  s t a b i l i t y  constants.  The s t a b i l i t y  
14.2 
constants f o r  EDTA, c i t r a t e ,  NTA and g l y c i n e  a r e  1018*8, 10 , 
10' 2'68 and 1 08'62, r e s p e c t i v e l y .  
EDTA and c i t r a t e  caused a very  s i m i l a r  response i n  t h e  
n i t r i f y i n g  b a c t e r i a  bo th  w i t h  and w i thou t  copper present .  The f a c t  
t h a t  t he  presence o f  copper d i d  no t  increase i n h i b i t i o n  suggests t h a t  
t h e  che la t i ng  agent i t s e l f  i s  the  t o x i c  species. Tom1 inson eA at. 6 0  
observed t h a t  a che la t i ng  agent may e x e r t  a  t o x i c  e f f e c t  bu t  t h i s  cou ld  
be negated by adding s u f f i c i e n t  copper t o  b ind a l l  o f  t he  organic  
l i gands .  As copper was added t o  t h e  system the  degree of i n h i b i t i o n  
was reduced u n t i l  no i n h i b i t i o n  was observed, I n h i b i t i o n  was observed 
aga in  i f  f u r t h e r  copper a d d i t i o n s  were made. I n  t h i s  s tudy  however, 
t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  degree of i n h i b i t i o n  observed 
when the  c h e l a t i n g  agents were added a l one  o r  comp le te ly  complexed w i t h  
copper. Love1 ess eA UR. 62 observed t h a t  EDTA abol i shed t h e  t o x i c  e f f e c t s  
o f  copper t o  a  pure c u l t u r e  o f  Nitrosornonas europaea. These i n v e s t i g a t o r s  
a l s o  observed t h a t  EDTA caused i n h i b i t i o n  when ca lc ium was p resen t  i n  
low concen t ra t ions .  I n  t h i s  s tudy  c a l c i u ~ i i  i ons  were p resen t  i n  s u f f i c i e n t  
c o n c e n t r a t i o n  and ca l c i um  de f i c i ency  c o u l d  n o t  be invoked t o  account f o r  
t h e  observed behav ior .  However, the  same e f f e c t  c o u l d  be caused by EDTA 
i f  t h e  c o n c e n t r a t i o n  o f  any e s s e n t i a l  meta l  was reduced t o  a  l i m i t i n g  
l e v e l .  
The a d d i t i o n  o f  NTA a lone  and complexed w i t h  copper e x h i b i t e d  
a  v e r y  i n t e r e s t i n g  behav ior .  I n  t h i s  system t h e  a d d i t i o n  o f  a  s r r~a l l  
amount of NTA o r  NTA complex caused s l i g h t  i n h i b i t i o n ,  however, f u r t h e r  
a d d i t i o n s  reduced t h e  e x t e n t  o f  i n h i b i t i o n .  The o n l y  exp lana t i on  t h a t  
may account  f o r  t h i s  behav ior  i s  based upon the  exper imenta l  techn ique  
employed. Each t e s t  on meta l  t o x i c i t y  was conducted on t h e  same sample 
o f  n i t r i f y i n g  s ludge and the  absc issae i n  F igures  32-37 represen t  t h e  
commul a t i v e  copper concen t ra t i on .  S ince  approx imate ly  20 minutes was 
a l lowed between measurements the b a c t e r i a  were exposed t o  copper f o r  
between 2  and 3  hours be fo re  each t e s t  was completed. I t  i s  t h e r e f o r e  
p o s s i b l e  t h a t  t h e  reduced i n h i b i t i o n  o f  NTA a t  h i ghe r  concen t ra t i ons  
may be r e l a t e d  t o  t h e  longer  exposure tirne. 
Glyc ine  was c l e a r l y  the most t o x i c  t o  t h e  n i t r i f y i n g  bac te r i a .  
Th i s  compound 1 i ke c i t r a t e  i s  r e a d i l y  b iodegradable and F i g u r e  38, which 
presents  t h e  measured s o l u b l e  copper c o n c e r ~ t r a t i o n  p l o t t e d  aga ins t  t h e  
c o n c e n t r a t i o n  o f  added copper, suggests t h a t  bo th  t h e  c i t r a t e  and 
g l y c i n e  con~plexes were e i t h e r  biodegraded i n  p a r t  o r  adsorbed t o  t h e  
n i t r i f y i n g  s ludge i t s e l f .  By cornparison EDTA and NTA copper complexes 
remained a lmost  e n t i r e l y  i n  f r e e  s o l u t i o n .  
Summary 
These r e s u l t s  i n d i c a t e  t h a t  i f  regene ra t i on  i s  conducted a t  
a pH o f  approx imate ly  8.0 t h e  concen t ra t i on  of f r e e  copper i n  s o l u t i o n  
w i l l  always be smal l .  Th i s  should n o t  have an adverse e f f e c t  on n i t r i -  
f i c a t i o n  if t h e  pe r i od  o f  exposure i s  sho r t .  The presence o f  copper 
w i l l  undoubtedly  cause s i g n i f i c a n t  problems if i t  remains i n  t h e  system 
f o r  an extended pe r i od  o f  t ime,  however. 
The heavy metal  s i n  secondary e f f l u e n t s  a r e  genera l  l y  complexed 
and as such t h e i r  removal by c l  i n o p t i l o l  i t e  should n o t  be as g r e a t  as if 
they  were p resen t  as f r e e  ions .  The copper removed by t h e  c l  i n o p t i l o l i t e  
may complex w i t h  o rgan i c  1 igands p resen t  i n  t h e  regenerant .  As t h e  
above t e s t s  demonstrate t h i s  may i n h i b i t  n i t r i f i c a t i o n  b u t  i t  i s  
u n l i k e l y  t h a t  t h e  ex ten t  o f  i n h i b i t i o n  would ever b e t a s  g r e a t  as t h a t  
observed i n  t h e  ba tch  t e s t s  repor ted ,  where up t o  40 mg/R o f  copper compl ex 
was added. ' 
The r e a d i l y  b iodegradable complexes such as c i t r a t e  and 
g l y c i n e  which have the p o t e n t i a l  f o r  be ing most t o x i c  should n o t  be 
a major  problem i n  p r a c t i c e  s i nce  these compounds w i l l  no t ,  of course, 
be p resen t  i n  any s i g n i f i c a n t  concen t ra t ions .  
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FIGURE 38 
SOLUBLE COPPER REMAINING AFTER ADDING 
ORGANO-COPPER COMPLEXES. 
Further studies are  required on a continuous flow basis to 
evaluate the influence of heavy metals on the ra te  of regeneration, 
however these batch t e s t  resul ts  indicate that  the ni t r i fying sludge 
can to1 erate  exposure to  the addition of s ignif icant  f ree  copper con- 
centrations and stabl e copper complex without more than 20% inhibition. 
COLUMN REGENERATION STUDIES 
Having i d e n t i f i e d  t h e  f a c t o r s  i n f l u e n c i n g  t h e  r a t e  and ex ten t  
of  r egene ra t i on  i n  ba tch  systems cont inuous f l o w  s tud ies  were made. The 
c l  i n o p t i l o l  i t e  was b i o l o g i c a l  l y  regenerated under a  v a r i e t y  o f  condi-  
t i o n s  and the  r e s u l t s  were compared w i t h  chemical r egene ra t i on  s tud ies  
us ing  the  same ambient s a l t  concentration and f low cond i t i ons .  The 
o b j e c t i v e s  o f  t h i s  s tudy were: t o  i d e n t i f y  t h e  i n f l uence  o f  repeated 
exhaust i o n - b i o l  og i ca l  r egene ra t i on  cyc l  es on t h e  ammonium removal o f  a  
column o f  c l  i n o p t i l o l  i t e ;  t o  i d e n t i f y  any ma jo r  ope ra t i ona l  d i f f i c u l t i e s  
i n  a  cont inuous f l o w  system; and t o  compare t he  r a t e s  o f  regenera t ion  
and column performance t o  t h a t  ob ta ined  w i t h  chemical regenera t ion .  
Resu l ts  
B i o l o g i c a l  Regenerat ion 
B i o l o g i c a l  f o u l i n g  
The b i o l o g i c a l  r egene ra t i on  process was f i r s t  t e s t e d  over  a  
nurnber o f  exhaust ion regenera t ion  c y c l e s  t o  determine whether b i o l o g i c a l  
f o u l i n g  would be a  s i g n i f i c a n t  problem. More than  40 exhaust ion-  
r egene ra t i on  s tud ies  were conducted i n  a1 1  and t h e  f i r s t  19  were a l l  
conducted under ve ry  s i m i l a r  cond i t i ons ,  The r e s u l t s  o f  the  f i r s t  
n ine teen  runs  a re  summarized i n  Table 8 and F igures  39 and 40. Dur ing 
regene ra t i on  the ammonium concen t ra t i on  i n  t h e  a e r a t i o n  tank  was 
moni tored and regene ra t i on  was te rmina ted  when the  ammonium concentra- 
t i o n  f e l l  below 0.1 mg NIL. The t imes r e q u i r e d  f o r  r egene ra t i on  a r e  
recorded i n  Table 1. Fo l l ow ing  c y c l e  A-10 t h e  a e r a t i o n  tank  was changed 
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I 1 FIGURE 39 
BREAKTHROUGH BAND REPRESENTING THE 
j VARIABILITY IN THE BREAKTHROUGH CURVES FOR THE FIRST TEN CYCLES. 
T I M E  ( H O U R S )  
F IGURE 40 
BREAKTHROUGH BAND REPRESENT l NG T H E  
V A R I A B I L I T Y  IN  T H E  BREAKTHROUGH CURVES 
FOR T H E  SECOND TEN C Y C L E S .  
and t ie s i x t y  1  i t e r  tank  used i n i t i a l l y  was rep laced  w i t h  t h e  104 1  i t e r  
r e c t a n g u l a r  tank.  
The breakthrough curves  ob ta ined  d u r i n g  t h e  f i r s t  20 cyc l es  
have been reduced t o  two breakthrough bands t h a t  a re  presented i n  
F i g u r r  39 and 40. These bands r e f l e c t  t h e  v a r i a t i o n s  i n  t h e  p o s i t i o n  
o f  t h e  breakthrough cu rve  over  a  number o f  c yc l es .  F i g u r e  39 rep re -  
sen ts  the  f i r s t  1 0  c y c l e s  and F i g u r e  40 t h e  second 10  cyc les .  These 
f i g u r e s  i n d i c a t e  t h a t  t h e  breakthrough c a p a c i t i e s  decreased m a r g i n a l l y  
i n  t h e  second 1 0  cyc l es .  
The ac tua l  breakthrough curves ob ta ined  i n  t h e  f i r s t  20 c y c l e s  
v a r i e s  i n  a  random f a s h i o n  and t h e r e  was n o t  a  steady d e c l i n e  i n  exchange 
c a p a c i t y  over  t h e  t e s t  pe r i od .  The w i d t h  o f  the  bands i n  F igures  39 and 
40  t h e r e f o r e  r e f l e c t  t h e  v a r i a b i l  i t y  i n  performance f rom one r u n  t o  
another which was p robab ly  caused by smal l  v a r i a t i o n s  i n  t h e  ammonium 
feed  concen t ra t i ons  and t h e  n i t r i f y i n g  a c t i v i t y  o f  t h e  s ludge. 
There were c e r t a i n l y  nu v i s i b l e  i n d i c a t i o n s  o f  su r f ace  f o u l i n g  
o f  c l i n o p t i l o l i t e  ove r  t h e  t e s t  p e r i o d  except  f o r  t h e  p a r t i c l e s  a t  t h e  
t o p  o f  the bed. Perhaps t o  a  dep th  o f  one h a l f  i n c h  ( i n  t h e  unexpanded 
bed) t h e  f i n e r  c l  i n o p t i l o l  i t e  p a r t i c l e s  appa ren t l y  supported a  growth o f  
s u r f a c e  s l ime.  Th i s  was n o t  c l e a r l y  v i s i b l e  t o  t h e  naked eye b u t  i t  was 
accentuated when exhaust ion s t u d i e s  were conducted w i t h  humic ac i ds  
p resen t  i n  t h e  feed. The su r f ace  s l imes  tu rned  a  v e r y  d a r k  brown i n d i c -  
a t i n g  t h a t  some humic ac i d  s o r p t i o n  was t a k i n g  p lace .  T h i s  d i s c o l o r a -  
t i o n  o n l y  extended t o  a  depth o f  one h a l f  t o  one i n c h  and was removed 
d u r i n g  backwashing when t he  su r f ace  s l  imes were d is lodged .  
I n  the depth o f  t h e  bed adequate p a r t i c l e - p a r t i c l  e  c o l l i s i o n s  
occur red  t o  prevent  t h e  accumulat ion o f  su r f ace  sl imes. The g rave l  l a y e r s  
i n  t h e  column d i d  support  s l  ime l a y e r s  o f  n i t r i f y i n g  b a c t e r i a  however, 
and backwashing a lone was n o t  s u f f i c i e n t  t o  d i s l o d g e  them. The ex ten t  o f  
n i t r i f i c a t i o n  remained small under the  c o n d i t i o n s  tes ted ,  however, s i nce  
t h e  d i s s o l v e d  oxygen concen t ra t i on  o n l y  dropped by 1.5 mg/R across the 
column du r i ng  se rv i ce .  
Time r e q u i r e d  f o r  b i o l o g i c a l  r egene ra t i on  
The r e s u l t s  presented i n  Table 8 i n d i c a t e  t h a t  r egene ra t i on  
t imes  ranged between 3  and 4.6 hours d u r i n g  t h e  f i r s t  t e n  c y c l e s  and 
between 2.0 and 3.4 hours d u r i n g  t h e  f o l  l ow ing  9 cyc les .  The s h o r t e r  
r egene ra t i on  t imes i n  t h e  l a s t  n i n e  cyc les  c l  e a r l y  c o i n c i d e  w i t h  the  
change t o  t he  l a r g e r  a e r a t i o n  tank. 
The n i t r i f i c a t i o n  r a t e s  repo r ted  i n  Table 8 were measured i n  
a  separate one 1  i t e r  beaker as descr ibed  above and t h e  va lues g e n e r a l l y  
ranged between 20 and 50 mgN/R/hr. N i t r i f i c a t i o n  r a t e s  d u r i n g  regenera- 
t i o n  were a l s o  c a l c u l a t e d  by d i v i d i n g  t h e  amount o f  ammonium removed 
f rom t h e  i n f l u e n t  d u r i n g  s e r v i c e  by t he  t ime  f o r  regenera t ion .  Comparison 
o f  t he  n i t r i f i c a t i o n  r a t e s  i n d i c a t e d  t h a t  r a t e s  d u r i n g  regene ra t i on  
averaged 33% o f  t he  r a t e s  repo r ted  i n  Tab le  8. 
I n s p e c t i o n  revea led  t h a t  t h e  d i sso l ved  oxygen concen t ra t i on  (DO) 
i n  t he  regene ra t i on  a e r a t i o n  tank  was o n l y  2 mg/R by comparison w i t h  6 
mg/R d u r i n g  t he  n i t r i f i c a t i o n  t e s t .  When oxygen was used t o  r e p l a c e  the  
compressed a i r  supply  t o  t h e  a e r a t i o n  tank  much h igher  n i t r i f i c a t i o n  
r a t e s  were observed. A t e s t  was conducted i n  which a  h i g h  oxygen concen- 
t ra t ion (>30 mg/L) was added to  the regeneration aeration tank. The 
oxygen supply was turned off and the mixed liquor was maintained in 
suspension by means of three electrical s t i r r e r s .  The dissolved oxygen 
concentration in the aeration tank was rionitored with time by means of 
a cal ibrated dissolved oxygen el ectrode (Ye1 1 ow Springs Inc. Model 54). 
From the oxygen uptake rates  calculated a t  different  dissolved oxygen 
concentrations i t  was possible to  calculate the n i t r i f ica t ion  ra t e  as a 
function of dissolved oxygen concentration. The resul ts  in Figure 41 
show the n i t r i f ica t ion  ra t e  plotted against the dissolved oxygen concen- 
t rat ion.  The plot very clearly indicates tha t  only when the dissolved 
oxygen concentration i s  greater than 6 mg/L i s  the n i t r i f ica t ion  ra te  
unaffected by the DO. Below 6 mg/L the n i t r i f ica t ion  ra t e  drops signif- 
icantly being only 33 percent of i t s  maximum value a t  2 mg/L. 
In cycles A20 and A21 pure oxygen was employed t o  maintain a 
DO of 6 mg/L and the regeneration time was reduced drast ical ly;  however, 
the breakthrough curves indicated a very severe leakage and an early 
breakthrough of ammonium. 
S t i l l  using pure oxygen t o  maintain a DO of 6 mg/L in the 
aeration tank, t e s t s  were conducted to identify the effects of varying 
the regeneration time between 1 and 3 hours. In addition the aeration 
tank was operated in the completely mixed mode and i t  was then compart- 
mentalized t o  form three equally sized completely mixed aeration tanks 
in ser ies .  When the aeration tank was compartmentalized only the middle 
compartment was temperature control led. The temperature drop through 
the system did not exceed Z°C, however. Only the f i r s t  two compartments 
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FIGURE 41 
NITRIFICATION RATE AS A FUNCTION OF DISSOLVED OXYGEN 
were equipped w i t h  pH c o n t r o l .  The f i r s t  compartment was maintained a t  
pH 7.8 and the second compartment was maintained a t  pH 8.5. The pH i n  
the f i n a l  tank was rr~onitored and was n o t  observed t o  drop below 7.5. 
I n  order  t o  corrlpare the breakthrough curves obtained f o l  lowing 
the  d i f f e r e n t  regenerat ion per iods i t  was necessary t o  f i x  t he  l e n g t h  o f  
the  se rv i ce  c y c l e  to  16  hours. This ensured t h a t  t he  c l  i n o p t i l o l i t e  
contained rough ly  the same amrr~onium concentrat ion a t  the beginning o f  
each regenerat ion t e s t .  
The ammonium breakthrough curves f o l l o w i n g  one, two and th ree  
hours regenerat ion, us ing the  ae ra t i on  tank as s i n g l e  completely mixed 
u n i t ,  a r e  shown i n  F igure  42. These curves i n d i c a t e  t h a t  performance 
improved as the regenerat ion t ime was extended. Two hours regenerat ion 
gave lower leakage and a longer se rv i ce  c y c l e  t o  20 percent breakthrough 
than regenerat ion f o r  one hour. Add i t iona l  improvement i n  bo th  leakage 
and capac i ty  were noted f o r  t h ree  hours regenerat ion,  a l though the  
improvement was no t  as marked. 
The t e s t s  w i t h  t h e  compartmentalized ae ra t i on  tank provided 
a s i m i l a r  s e t  o f  breakthrough curves which a re  shown i n  F igure  43. The 
curves i n d i c a t e  t h a t  w i t h  o n l y  a one hour regenerat ion t ime s i g n i f i c a n t  
ammonium leakage was obtained a1 though i t  was l e s s  than t h a t  encountered 
when t h e  ae ra t i on  tank was employed as a s i n g l e  tank. Two hours o f  
regenerat ion improved the performance o f  cl i n o p t i l o l  i t e  i n  serv ice ;  
however, a f t e r  t h ree  hours o f  regenerat ion l i t t l e  a d d i t i o n a l  b e n e f i t  
was obtained. 
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THE INFLUENCE OF REGENERATION TIME 
ON AMMONIUM BREAKTHROUGH WHEN 
USING A SINGLE COMPLETELY MIXED 
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THE INFLUENCE OF REGENERATION TIME 
ON AMMON l UM BREAKTHROUGH WHEN USING 
THREE COMPLETELY MI XED AERATION 
TANKS IN SERIES. 
The ammonium i o n  c o n c e n t r a t i o n  i n  the  a e r a t i o n  t ank  was mon i to red  
d u r i n g  each regene ra t i on  t e s t .  An example o f  t h e  ammonium concen t ra t i ons  
ob ta i ned  i n  the  a e r a t i o n  t a n k  d u r i n g  t h e  t e s t s  conducted w i t h  and w i t h o u t  
compartmental i z a t i o n  a r e  shown i n  F igures  44 and 45. 
Dur ing  regene ra t i on  s t u d i e s  conducted w i t h o u t  compartmental i z a -  
t i o n  t h e  amrr~onium concen t ra t i on  i n  t h e  a e r a t i o n  tank  would r i s e  f o r  
approx imate ly  twen ty  minutes t o  va lues i n  t h e  range o f  20-28 mgN/X. The 
ammonium concen t ra t i on  would then  decrease w i t h  t i m e  as shown i n  F i g u r e  
45. When a  corr~partrr~ental  i z e d  a e r a t i o n  t ank  was employed however t he  
p r o f  il e  o f  amnonium c o n c e n t r a t i o r ~ s  i n  t h e  compartments was q u i t e  d i f f e r e n t  
as  shown i n  F i gu re  44. The arr~monium c o n t a i n i n g  b r i n e  entered t h e  f i r s t  
compartment c r e a t i n g  v e r y  h i gh  i n i t i a l  ammonium concen t ra t i ons .  However, 
s i n c e  t he  b r i n e  had t o  pass th rough  b o t h  compartments 1  and 2 be fo re  
reach ing  t h e  f i n a l  tank,  t h e  f i n a l  t ank  showed low ammonium concent ra-  
t i o n s  which never exceed 10  rr~gN/L d u r i  ng r egene ra t i on .  
The i n f l u e n c e  of o rgan ic  m a t t e r  on performance and regene ra t i on  
Humic ac i ds  and phenol were added t o  t h e  i n f l u e n t  o f  t h e  column 
i n  concen t ra t i ons  o f  5  t o  1 0  mg/L r e s p e c t i v e l y .  The humic a c i d  was 
d i sso l ved  i n  a  smal l  amount o f  water a t  pH 11 and then added t o  t h e  feed 
tank.  The con ten ts  o f  t he  feed  t ank  were mixed by a e r a t i o n .  Three c y c l e s  
were made w i t h  these contaminants  p resen t  i n  t h e  feed. Ana l ys i s  o f  t h e  
phenol and humic a c i d  concen t ra t i ons  i n  the  column e f f l u e n t  revea led  
t h a t  t h e r e  was no measurable uptake o f  e i t h e r  spec ies.  
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AMMONIUM CONCENTRATIONS IN THE COLUMN EFFLUENT 
AND AERATION TANK (SINGLE COMPLETELY MIXED) 
DURING . REGENERATION, 
The regenerat ion t ime was f i x e d  a t  2.5 hours i n  these s tud ies .  
Any i n h i b i t i o n  o f  the n i t r i f y i n g  b a c t e r i a  would thus cause a  decrease i n  
column performance. However, ana l ys i s  o f  the  breakthrough curves shown 
i n  F igure  46 c l e a r l y  i n d i c a t e s  t h a t  performance was n o t  adversely  a f fec ted .  
Indeed performance apparent ly  improved. 
Chemical Regeneration 
I n  o rde r  t o  determine t h e  r a t e  o f  regenerat ion t h a t  cou ld  be 
achieved when 0.3 M s a l t  s o l u t i o n  was passed through the  c l  i n o p t i l o l  i t e  
column under t he  cond i t i ons  as used i n  b i o l o g i c a l  regenerat ion,  some 
pu re l y  chemical regenera t ion  t e s t s  were conducted. 
A regenerant so l l r t i on  was made up by d i s s o l v i n g  sodium c h l o r i d e  
i n  warm tap  water. The s o l u t i o n ,  con ta in ing  0.3 M NaCl and having a  
temperature o f  29-30°C, was then pumped u p f l  ow through the  c l  i n o p t i l o l  i t e  
column a t  t he  sarrle f l o w r a t e  used du r i ng  b ioregenerat ion.  Ammonium was 
e lu ted  from the c l i n o p t i l o l ' i t e ,  which had been operated f o r  a  t y p i c a l  
16 hour se rv i ce  run,  and i t s  concent ra t ion  was rr~onitored i n  the column 
. e f f l u e n t  w i t h  t ime. 
A t y p i c a l  e f f l u e n t  concent ra t ion  h i s t o r y  i s  shown i n  F igure  47. 
The e f f l u e n t  amonium concent ra t ion  r e g i s t e r e d  210 rr~g/L as N i n i t i a l l y  
and f e l l  r a p i d l y  du r i ng  t h e  f i r s t  25 minutes. Even a f t e r  3 hours t he re  
was s t i l l  4  mg/L present  i n  the column e f f l u e n t .  
The data contained i n  F igu re  47 was used t o  c a l c u l a t e  the 
percentage regenera t ion  as a  f u n c t i o n  o f  t ime  which i s  shown i n  F igure  
48. The l a t t e r  f i g u r e  i n d i c a t e s  t h a t  90% regenera t ion  may be achieved 
i n  11 0  minutes. 
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FIGURE 46 
THE AMMONIUM BEAKTHROUGH CURVES 
OBTAINED FOLLOWING EXPOSURE OF 
THE CLl NOPTlLOLlTE TO CONCENTRATIONS 
OF HUMlC AClD AND PHENOL. 
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FIGURE 47 
COLUMN EFFLUENT AMMONIUN CONCENTRATION DURING 





PERCENTAGE REGENERATION AS A FUNCTION OF T l M E  
USING 0.3M SODIUM CHLORIDE AT A FLOWRATE OF 
64 BV/HR. 
Three a d d i t i o n a l  t e s t s  were made t o  compare t he  ammonium break- 
through curves t h a t  were obta ined f o l l o w i n g  chemical r egene ra t i on  f o r  
t ime  per iods  o f  1, 2  and 3 hours. I n  a l l  cases t he  s i x t e e n  hour break- 
through curves were obta ined.  The curves p l o t t e d  i n  F i g u r e  49 i n d i c a t e  
t h a t  w i t h  a  one hour regenera t ion  t ime  a  s i g n i f i c a n t l y  h i ghe r  ammonium 
leakage and lower  breakthrough c a p a c i t y  was obta ined.  There was 1  i t t l e  
improvement however, i n  extending t h e  regene ra t i on  t i m e  beyond two hours. 
Comparison o f  t h e  breakthrough curves shown i n  F igu re  49 w i t h  
those  ob ta ined  f o l l o w i n g  b i o l o g i c a l  r egene ra t i on  (F igures  42 and 43) 
i n d i c a t e s  t h a t  chemical r egene ra t i on  gave much b e t t e r  breakthrough 
c a p a c i t i e s .  
D iscuss ion  
B i o l o g i c a l  regenera t ion  i s  a  two s tep  process and as such, t h e  
r a t e  o f  r egene ra t i on  may be c o n t r o l l e d  by e i t h e r  i o n  exchange o r  n i t r i f i c a -  
t i o n .  The slower s tep  w i l l  d i c t a t e  t he  r a t e  o f  regenera t ion .  
I n  t h i s  s tudy  t he  r a t e  o f  n i t r i f i c a t i o n  was always independent 
. o f  ammonium concen t ra t i on  above a  c o n c e n t r a t i o n  o f  1  mgN/L. S i r ~ c e  h igher  
ammonium concent ra t ions  p e r s i s t e d  i n  t h e  a e r a t i o n  tank, d u r i n g  b i o l  og i ca l  
regenerat ion,  i t  i n d i c a t e d  t h a t  the  ammonium was being d i sp laced  frorr~ t h e  
column f a s t e r  than t h e  n i t r i f y i n g  b a c t e r i a  were a b l e  t o  o x i d i z e  it. The 
r a t e  o f  r egene ra t i on  was t h e r e f o r e  c o n t r o l l e d  by b i o l o g i c a l  n i t r i f i c a t i o n .  
The chemical r egene ra t i on  s tud ies  t h a t  were conducted us ing  0.3 
M sodium c h l o r i d e  b r i n e  i n d i c a t e  t h e  r a t e  o f  r egene ra t i on  t h a t  may be 
achieved i f  i o n  exchange i s  t h e  r a t e  l i m i t i n g  step. The r a t e  o f  regenera- 
t i o n  and the  performance curves  shown i n  F igures  48 and 49 may be viewed 














